Purdue University

Purdue e-Pubs
Open Access Dissertations

Theses and Dissertations

8-2018

Investigating Airflow Distribution and Contaminant Transport in
Commercial Aircraft Cabins
Ruoyu You
Purdue University

Follow this and additional works at: https://docs.lib.purdue.edu/open_access_dissertations

Recommended Citation
You, Ruoyu, "Investigating Airflow Distribution and Contaminant Transport in Commercial Aircraft Cabins"
(2018). Open Access Dissertations. 2110.
https://docs.lib.purdue.edu/open_access_dissertations/2110

This document has been made available through Purdue e-Pubs, a service of the Purdue University Libraries.
Please contact epubs@purdue.edu for additional information.

INVESTIGATING AIRFLOW DISTRIBUTION AND CONTAMINANT
TRANSPORT IN COMMERCIAL AIRCRAFT CABINS
by
Ruoyu You

A Dissertation
Submitted to the Faculty of Purdue University
In Partial Fulfillment of the Requirements for the degree of

Doctor of Philosophy

School of Mechanical Engineering
West Lafayette, Indiana
August 2018

ii

THE PURDUE UNIVERSITY GRADUATE SCHOOL
STATEMENT OF COMMITTEE APPROVAL

Dr. Qingyan Chen, Chair
School of Mechanical Engineering
Dr. Chao-Hsin Lin
Boeing Commercial Airplanes Group
Dr. Jun Chen
School of Mechanical Engineering
Dr. Panagiota Karava
School of Civil Engineering

Approved by:
Dr. Jay P. Gore
Head of the Graduate Program

iii

This humble work is dedicated to my parents,
who have been loving, supportive, and open-minded.

iv

ACKNOWLEDGMENTS

First and foremost, I would like to express my gratitude to my advisor Professor Qingyan
Chen, who provided me the opportunity to learn and work at Purdue. Professor Chen has
been generously sharing his valuable insights and experience to the students. He has become
a role model not only in career, but as a person for me. Without his guidance and
encouragement, I would never have come this far.

I would like to thank my committee members, Dr. Chao-Hsin Lin, Professor Jun Chen, and
Professor Panagiota Karava, who have devoted their time and valuable suggestions to my
thesis. Their comments improved my work, and inspired me in my scientific research
endeavor.

I would like to thank the Herrick family, especially the group members who have been stuck
here at Purdue with me for most of the time. Special thanks to Dr. Mingang Jin and Dr. Siwei
Li for hosting small gatherings, Dr. Dayi Lai for music appreciation and mini concerts, Dr.
Wei Liu for the collaboration in Dota 2 and Warcraft 3, and Dr. Chun Chen for his
understanding and support.

Last but not the least, I would like to thank my family, for always being my rock.

v

TABLE OF CONTENTS

LIST OF TABLES ....................................................................................................................... viii
LIST OF FIGURES ....................................................................................................................... ix
ABSTRACT ................................................................................................................................. xiv
CHAPTER 1. INTRODUCTION ................................................................................................ 1
1.1 Background and Significance ............................................................................................. 1
1.2 Outline of This Report ........................................................................................................ 4
CHAPTER 2. LITERATURE REVIEW ..................................................................................... 6
2.1 Airflow and Turbulence models ......................................................................................... 6
2.2 Contaminant Transport Models ........................................................................................ 10
2.3 Major Problems of Existing Studies ................................................................................. 12
2.3.1 Identification of Suitable Turbulence Model ............................................................. 12
2.3.2 Modeling of the Gasper ............................................................................................. 12
2.3.3 Impact of Gaspers on Cabin Air Quality ................................................................... 12
2.3.4 An Innovative Ventilation System for Airliner Cabins ............................................. 13
2.3.5 Proposed Tasks .......................................................................................................... 13
CHAPTER 3.

EXPERIMENTAL

AND

NUMERICAL

STUDY

OF

AIRFLOW

DISTRIBUTION IN AN AIRCRAFT CABIN MOCKUP WITH A
GASPER ON .................................................................................................... 15
3.1 Experimental and Numerical Methods ............................................................................. 15
3.1.1 Experimental Method ................................................................................................ 15
3.1.1.1 Experimental Setup............................................................................................... 15
3.1.1.2 Experimental Procedure ....................................................................................... 18
3.1.2 Numerical Method ..................................................................................................... 20
3.2 Results ............................................................................................................................... 23
3.2.1 Experimental Results ................................................................................................. 23
3.2.2

Model Evaluation....................................................................................................... 26

3.3 Discussion ......................................................................................................................... 34
3.3.1 Limitations ................................................................................................................. 34
3.3.2 Characteristics of Gasper-Induced Airflow ............................................................... 35

vi
3.4 Conclusions ....................................................................................................................... 37
CHAPTER 4.

PREDICTING AIRFLOW DISTRIBUTION AND CONTAMINANT
TRANSPORT IN AIRCRAFT CABINS WITH A SIMPLIFIED GASPER
MODEL ............................................................................................................ 38

4.1 Methods............................................................................................................................. 38
4.1.1 Brief Introduction of the CFD Method used.............................................................. 38
4.1.2 Simplification of the Gasper for CFD Simulations ................................................... 39
4.2 Validation of the Simplified Gasper Model for Simulating the Gasper Flow .................. 42
4.2.1 Cabin Mockup Case ................................................................................................... 43
4.2.2 Real Cabin Case ......................................................................................................... 48
4.3 Discussion ......................................................................................................................... 55
4.4 Conclusions ....................................................................................................................... 55
CHAPTER 5. IMPACT OF GASPERS ON CABIN AIR QUALITY IN COMMERCIAL
AIRLINERS WITH A HYBRID TURBULENCE MODEL ............................ 57
5.1 Model Development.......................................................................................................... 57
5.1.1 Standard k-ω Model in the Near Wall Regions ......................................................... 58
5.1.2 Transformed RNG k-ε Model in Bulk Air Regions .................................................. 58
5.1.3 Hybrid Model with Blending Functions .................................................................... 60
5.1.4 Contaminant Transport and Risk Assessment ........................................................... 61
5.2 Model Validation .............................................................................................................. 61
5.2.1 Mock-up of an Aircraft Cabin with Gasper On ......................................................... 62
5.2.2 First-Class Cabin of a Real MD-82 Airliner.............................................................. 65
5.3 Impact of Gaspers on Cabin Air Quality .......................................................................... 68
5.3.1 Case setup .................................................................................................................. 68
5.3.2 Results and Discussion .............................................................................................. 73
5.4 Conclusions ....................................................................................................................... 79
CHAPTER 6. AN INNOVATIVE PERSONALIZED DISPLACEMENT VENTILATION
SYSTEM fOR AIRLINER CABINS................................................................. 80
6.1 The New Ventilation System ............................................................................................ 80
6.2 Measured and Simulated Air Distributions for the New System ...................................... 81
6.2.1 Experimental Measurements ..................................................................................... 81

vii
6.2.2 Computer Simulations ............................................................................................... 85
6.2.3 Measured and Simulated Air Distributions ............................................................... 86
6.2.3.1 Air Velocity Distribution ...................................................................................... 88
6.2.3.2 Air Temperature Distribution ............................................................................... 90
6.2.3.3 Contaminant Concentration Distribution.............................................................. 91
6.3 System Optimization......................................................................................................... 92
6.3.1

Design Objectives ...................................................................................................... 92

6.3.2 Impact of Exhaust Configuration............................................................................... 94
6.4 Conclusions ..................................................................................................................... 100
CHAPTER 7. EVALUATING AN INNOVATIVE PERSONALIZED DISPLACEMENT
VENTILATION SYSTEM FOR COMMERICIAL AIRLINER CABINS .... 102
7.1 Methods........................................................................................................................... 102
7.1.1 Airflow and Turbulence model ................................................................................ 102
7.1.2 Contaminant Transport and Risk Assessment ......................................................... 103
7.1.3 Risk of Draft ............................................................................................................ 104
7.2 Case Setup ....................................................................................................................... 105
7.3 Results and Discussion ................................................................................................... 109
7.3.1 SARS Infection Risk................................................................................................ 109
7.3.2 Risk of Draft ............................................................................................................ 115
7.4 Conclusions ..................................................................................................................... 119
CHAPTER 8. CONCLUSIONS AND FUTURE WORK ....................................................... 121
8.1 Conclusions ..................................................................................................................... 121
8.2 Future Work .................................................................................................................... 124
8.2.1 Personal Environment in Aircraft Cabins ................................................................ 125
8.2.2 High-quality Experimental Data for Built Environment ......................................... 125
8.2.3 Development of Suitable Numerical Models with Experimental Validation .......... 126
8.2.4 Development of Air Distribution Systems in Cabins and Other Indoor
Environments........................................................................................................... 126
REFERENCES ........................................................................................................................... 128
VITA ........................................................................................................................................... 136
PUBLICATIONS ........................................................................................................................ 137

viii

LIST OF TABLES

Table 3-1. Measured boundary conditions.................................................................................... 18
Table 3-2. Normalized root mean square errors (NRMSE) between the predicted air velocity
and the data measured by PIV for the turbulence models. ......................................... 31
Table 3-3. Normalized root mean square errors (NRMSE) between the predicted results and
the data measured by hot-sphere anemometers for the turbulence models. ............... 34
Table 4-1. Evaluation of the simplified gasper model. ................................................................. 48
Table 6-1. Airflow rates from the diffusers (L/s). ........................................................................ 87
Table 6-2. Comparison of the average dimensionless exposure among the recipients for the
proposed system, mixing system, and displacement system. ..................................... 97
Table 6-3. Comparison of contaminant removal efficiency for the proposed system, mixing
system, and displacement system. .............................................................................. 98

ix

LIST OF FIGURES

Figure 3-1. Configuration of the aircraft cabin mockup. .............................................................. 16
Figure 3-2. Setup for experimental measurements: (a) Critical area where the main airflow,
gasper-induced airflow, and thermal plume interacted; (b) measurement area for
airflow field by PIV and measurement locations for air velocity and temperature
by hot-sphere anemometers. ...................................................................................... 17
Figure 3-3. Comparison of two independent measurements of (a) air velocity and (b)
temperature using hot-sphere anemometers. ............................................................. 19
Figure 3-4. Gasper used in this study: (a) photograph and (b) computer model. ......................... 20
Figure 3-5. Hybrid hexahedral, prismatic, and tetrahedral grids for the aircraft cabin mockup. . 22
Figure 3-6. Comparison of the predicted non-dimensional mean centerline velocity profile
with the measured data from Dai et al. (2015). ......................................................... 23
Figure 3-7. The time-averaged airflow field in section B from (a) one image, (b) 10 images,
(c) 50 images, (d) 100 images, (e) 500 images, and (f) 800 images. ........................ 24
Figure 3-8. The time-averaged airflow field in the measurement area obtained from 800
measured images. ...................................................................................................... 26
Figure 3-9. Comparison of the predicted airflow field and experimental data in the critical
area. ........................................................................................................................... 27
Figure 3-10. Comparison of the predicted and measured velocity profiles in (a) the horizontal
and (b) the vertical direction in the critical area. ....................................................... 29
Figure 3-11. Comparison of the predicted and measured turbulent feature ( (ux ' )2  (uz ' )2 )
in the critical area. ..................................................................................................... 32
Figure 3-12. Comparison of the predicted velocity profiles and the data measured by hotsphere anemometers in the cabin............................................................................... 33
Figure 3-13. Comparison of the predicted temperature profiles and the data measured by hotsphere anemometers in cabin regions where the gasper-induced airflow had
limited impact. ........................................................................................................... 34
Figure 3-14. Gasper-induced jet mean centerline velocity decay as a function of axial
distance from the gasper. ........................................................................................... 36

x
Figure 4-1. (a) Comparison of the detailed gasper geometry and the simplified gasper
geometry; (b) case setup for studying the jet. ........................................................... 40
Figure 4-2. Centerline velocity decay as a function of axial distance for two types of jet. .......... 41
Figure 4-3. The sketch of the aircraft cabin mockup. ................................................................... 43
Figure 4-4. Comparison of the grid structure near the gasper for (a) the simplified gasper
geometry model, and (b) the detailed gasper geometry model. ................................ 44
Figure 4-5. Comparison of the predicted airflow field by CFD with different gasper geometry
models and experimental data in the critical area. .................................................... 45
Figure 4-6. Comparison of the predicted and measured velocity profiles in the critical area: (a)
horizontal velocity component and (b) vertical velocity component. ....................... 46
Figure 4-7. (a) Sketch of the five-row MD-82 economy-class cabin and (b) measuring
positions by Li et al. (2016)....................................................................................... 49
Figure 4-8. Comparison between the predicted and measured airflow field in (a) CS8, (b)
CS9, (c) ASLS, and (d) CALS. ................................................................................. 51
Figure 4-9. Comparison between the predicted and measured temperature field in (a) CS9,
and (b) ASLS. ............................................................................................................ 53
Figure 4-10. Comparison between predicted and measured contaminant concentration in (a)
CS9, and (b) ASLS. ................................................................................................... 54
Figure 5-1. Configuration of the aircraft cabin mock-up with gasper on (You et al., 2016a). ..... 62
Figure 5-2. Comparison of the predicted and measured velocity profiles in (a) the horizontal
and (b) the vertical direction in the measuring area. ................................................. 64
Figure 5-3. Schematic of the fully-occupied, first-class cabin and measured sections: (a)
perspective view and (b) plane view (Liu et al. 2013). ............................................. 66
Figure 5-4. Comparison of the computed and measured airflow patterns in (a) CS3 and (b)
ASLS in the fully occupied cabin.............................................................................. 67
Figure 5-5. Schematic of the seven-row section of fully-occupied, economy-class cabin of (a)
Boeing 767 and (b) Boeing 737. ............................................................................... 69
Figure 5-6. Gasper on/off distributions determined using the quasi-random sampling method
for (a) B-767 and (b) B-737. ..................................................................................... 71

xi
Figure 5-7. SARS infection risk distribution for each passenger in the database when the
source at seats (a) 4d and (b) 4g in the Boeing 767. ................................................. 74
Figure 5-8. SARS infection risk distribution for each passenger in the database when the
source at seats (a) 4d and (b) 4f for Boeing 737. ...................................................... 75
Figure 5-9. Comparison of SARS infection risk when the gasper was turned on and off for
each passenger in Boeing 767 with source location at seats (a) 4d, (b) 4e, (c) 4f,
and (d) 4g................................................................................................................... 77
Figure 5-10. Comparison of SARS infection risk when the gasper was turned on and off for
each passenger in Boeing 737 with the source location at seat (a) 4c, (b) 4d, and
(c) 4e. ......................................................................................................................... 78
Figure 6-1. Schematic of the proposed ventilation system: (a) individual diffusers under the
seats and (b) the positions of the diffusers and the air supply directions. ................. 81
Figure 6-2. (a) Photograph and (b) schematic of the fully-occupied seven-row cabin mockup. .. 82
Figure 6-3. (a) PIV measuring area and (b) locations of the sampling points for the UAs in
cross section CS4....................................................................................................... 84
Figure 6-4. (a) Thermocouples mounted on a stand for measuring air temperature in CS4; and
(b) locations of SF6 sampling points in CS4. ............................................................ 85
Figure 6-5. (a) A close-up view of a diffuser and (b) the diffusers installed under the seats. ...... 86
Figure 6-6. Example of manikin surface temperature distribution measured by an infrared
camera. ...................................................................................................................... 88
Figure 6-7. Measured and simulated air velocity distribution in (a) CS4 and (b) the leg area
that was located 0.15 m in front of CS4. ................................................................... 89
Figure 6-8. Measured air temperature distributions in (a) CS4 and (b) the leg area, and
simulated air temperature distributions in (c) CS4 and (d) the section across the
leg area. ..................................................................................................................... 90
Figure 6-9. SF6 concentration distribution in CS4 normalized by the concentration in the
exhaust air when the SF6 source is at 4D: (a) experimental measurement and (b)
CFD simulation. ........................................................................................................ 91
Figure 6-10. Schematic of the design domain for the airliner cabin with the proposed
ventilation system. ..................................................................................................... 94
Figure 6-11. Schematic of the one-row section of a fully occupied economy cabin with (a)
mixing ventilation, (b) displacement ventilation, (c) proposed ventilation with

xii
two exhaust slots in the ceiling center, (d) proposed ventilation with four exhaust
slots, and (e) proposed ventilation with six exhaust slots. ........................................ 95
Figure 6-12. Distribution of dimensionless exposure of the one-row section of a fully
occupied economy cabin with (a) mixing ventilation, (b) displacement
ventilation, (c) proposed ventilation with two exhaust slots in the ceiling center,
(d) proposed ventilation with four exhaust slots, and (e) proposed ventilation
with six exhaust slots. ................................................................................................ 96
Figure 6-13. Distributions of (a) PMVc under summer conditions and (b) PD in the cabin
with the proposed system with four exhausts; (c) PMVc under summer
conditions and (d) PD in the cabin with the mixing ventilation system; and (e)
PMVc under summer conditions and (f) PD in the cabin with the displacement
ventilation system. ..................................................................................................... 99
Figure 7-1. Schematic of the seven-row section of a fully-occupied, economy cabin of
Boeing 737 with mixing ventilation system ............................................................ 104
Figure 7-2. Schematic of the seven-row section of a fully-occupied, economy cabin of
Boeing 737 with (a) innovative ventilation system, and (b) displacement
ventilation system. ................................................................................................... 106
Figure 7-3. Schematic of the fully-occupied, 7-row, economy cabin of Boeing 767 with (a)
mixing ventilation , (b) the innovative ventilation, and (c) displacement
ventilation system. ................................................................................................... 108
Figure 7-4. Distribution of SARS infection risk in the seven-row section of Boeing 737 with
different ventilation systems for (a) aisle seat source, (b) middle seat source, and
(c) window seat source ............................................................................................ 110
Figure 7-5. Distribution of SARS infection risk in the seven-row section of Boeing 767 with
different ventilation systems for (a) source 4D, (b) source 4E, (c) source 4F, and
(d) source 4G. .......................................................................................................... 112
Figure 7-6. Comparison of the SARS infection risk in the seven-row section of Boeing 737
with different ventilation systems. .......................................................................... 114
Figure 7-7. Comparison of the SARS infection risk in the seven-row section of Boeing 767
with different ventilation systems. .......................................................................... 115
Figure 7-8. Distributions of PD around passengers in row 4 in the seven-row section of
Boeing 737 with (a) mixing ventilation system, (b) the innovative ventilation
systems, and (c) displacement ventilation system. .................................................. 116

xiii
Figure 7-9. Distributions of PD around passengers in row 4 in the seven-row section of
Boeing 767 with (a) mixing ventilation system, (b) the innovative ventilation
systems, and (c) displacement ventilation system. .................................................. 118

xiv

ABSTRACT
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Cabins
Committee Chair: Qingyan Chen
Overhead gaspers are prevalently installed in aircraft cabins as a personalized ventilation
system. The air distribution in cabins with gaspers on is crucial for creating a thermally
comfortable and healthy cabin environment. This study aims to model the air distribution and
contaminant transport in commercial aircraft cabins with gaspers on.

This study first conducted experimental measurements of airflow distribution in a mockup of
half of a full-scale, one-row, single-aisle aircraft cabin with a gasper on. Particle image
velocimetry (PIV) was used to measure the complex airflow field above a human simulator.
This investigation then used the measured data to evaluate the performance of computational
fluid dynamics (CFD) with the RNG k-ε model and the SST k-ω model. The results showed
that the SST k-ω model was more accurate than the RNG k-ε model for predicting the
airflow distribution in gasper-induced jet dominant region in an aircraft cabin.

If the detailed gasper geometry were used in the CFD simulations, the grid number would be
unacceptably high. To reduce the grid number, this investigation then proposed a method for
simplifying the gasper geometry. The method was then validated by two sets of experimental
data obtained from a cabin mockup and a real aircraft cabin. It was found that for the cabin
mockup, the CFD simulation with the simplified gasper model reduced the grid number from
1.58 million to 0.3 million and the computing cost from 2 days to 1 hour without
compromising the accuracy. In the five-row economy-class cabin of an MD82 airplane, the
CFD simulation with the simplified gasper model was acceptable in predicting the
distribution of air velocity, air temperature, and contaminant concentration.

xv
Previous investigations have identified two turbulence models for cabin air with gaspers. To
improve the accuracy of numerical simulation, this study first developed a hybrid turbulence
model which was suitable for predicting the air distribution in an aircraft cabin with gaspers
turned on. Next, the investigation validated the model using two sets of experimental data
from a cabin mockup and an actual airplane. This study then used the validated model to
systematically investigate the impact of gaspers on cabin air quality in a seven-row section of
the fully-occupied, economy-class cabin of Boeing 767 and 737 airplanes. 210 CFD
calculations formed a database consisting of 9450 data points that provide information about
SARS infection risk. It was found that the distribution of opened gaspers can influence the
infection risk for passengers. Even though the gasper supplies clean air, it is possible for it to
have a negative impact on the passengers’ health. Statistically speaking, the overall effect of
turning on the gaspers on the mean infection risk for the general population was neutral.

In airliner cabins, mixing ventilation systems with gaspers are not efficient in controlling
contaminant transport. To improve the cabin environment, this investigation proposed an
innovative ventilation system that would reduce contaminant transport while maintaining
thermal comfort. We manufactured and installed the proposed ventilation system in an
occupied seven-row, single-aisle aircraft cabin mockup. Air velocity, air temperature, and
contaminant distribution in the cabin mockup were obtained by experimental measurements.
The investigation used the experimental data to validate the results of CFD simulation. The
validated CFD program was then used to study the impact of the locations and number of
exhausts on contaminant removal and thermal comfort in a one-row section of a fully
occupied Boeing-737 cabin. Although the diffusers in the proposed system were close to the
passengers’ legs, the air velocity magnitude was acceptable in the lower part of the cabin and
the leg area. The proposed system provided an acceptable thermal environment in the cabin,
although passengers could feel cold when placing their legs directly in front of the diffusers.
The four-exhaust configuration of the new ventilation system was the best, and it decreased
the average exposure in the cabin by 57% and 53%, respectively, when compared with the
mixing and displacement ventilation systems.

xvi
An innovative personalized displacement ventilation system which supplies air from
individual displacement ventilation diffusers under the seat could possibly reduce the
contaminant transport while maintaining thermal comfort in aircraft cabins. To evaluate the
performance of the new ventilation system, this study first used Wells-Riley integrated CFD
to obtain the SARS quanta based on a SARS outbreak on a flight. This investigation then
compared the new ventilation system with mixing ventilation system and displacement
ventilation system in a seven-row section of the fully occupied, economy-class cabin of
Boeing 737 and Boeing 767 airplanes. It was found that the new system could reduce the
passengers’ infection risk compared with the mixing ventilation system. The performance of
the system was related to the source location when compared with the displacement
ventilation system. Generally speaking, the new ventilation system had similar overall
performance with the displacement ventilation system, and could better control contaminant
transport compared with the mixing ventilation system. The innovative ventilation system
performed the best in maintaining cabin thermal comfort.

1

CHAPTER 1.

1.1

INTRODUCTION

Background and Significance

Every year, over four billion people arrive at and depart from airports around the world (US
DOT, 2011). According to a long-term forecast by Airports Council International, this number
will double by 2025 (ACI, 2007). With the rising popularity of air travel increases, the flying
public is increasingly paying attention to the cabin environment. The current environment is not
necessarily satisfactory, often being either too hot or too cold (Park, 2011). Furthermore, cabin
air may contain contaminants such as airborne particles (Olsen et al., 2003), ozone (Bhangar et
al., 2008), and volatile organic compounds (Guan et al., 2014a, 2014b). Aircrafts can also assist
the spread of fatal infectious diseases all over the world. For instance, acute respiratory
syndrome (SARS) infection cases have been reported in 26 countries, 5 continents (WilderSmith, 2006), causing 775 deaths. Aircrafts not only transport the infected passenger, over the
last few decades, the transmission of airborne infectious diseases such as tuberculosis (Kenyon et
al., 1996), influenza (Moser et al., 1979), and severe acute respiratory syndrome (Olsen et al.,
2003) has been reported in aircraft cabins. The air distribution system plays a major role in
controlling the thermal comfort and air quality in cabins (Liu et al., 2012a). Therefore, it is
crucial to investigate the air distribution and contaminant transport inside aircraft in order to
improve the cabin environment.

Currently, commercial airplanes use a mixing air distribution system to control the cabin
environment. A mixing ventilation system supplies conditioned and fresh air to the cabin at
ceiling level and then exhausts the cabin air through openings in the side walls at floor level.
There are numerous studies focusing on airflow distribution and contaminant transport in aircraft
cabins with the mixing air distribution system. Liu et al. (2012a) has systematically reviewed the
existing studies of both experimental measurements and numerical simulations of the mixing air
distribution system in airplanes. However, experimental measurements in a cabin mockup
(Zhang et al., 2009) and airplane (Liu et al., 2012b) have indicated that the ventilation
effectiveness in an aircraft cabin with this type of system is quite low. With this type of cabin
ventilation, passengers frequently complain about thermal comfort (Hinninghofen and Enck,
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2006) and air quality (Nagda and Hodgson, 2001; Spengler and Wilson, 2003). Moreover, both
experimental and numerical studies have demonstrated that the mixing air distribution increases
the risk of infection by airborne diseases (Gupta et al., 2011; Chen et al., 2013; Li et al., 2014).

In order to improve the cabin environment, a system of gaspers is typically installed to provide
personalized ventilation. Normally, one gasper is situated above the seat of each passenger. The
gaspers are adjustable for both supply air velocity and direction, thus allowing passengers to
improve their individual thermal comfort. Furthermore, because gaspers provide clean air
directly to the passengers, it may be logically assumed that their use reduces exposure to air
contaminants in the cabin. Although gaspers are widely used in aircraft cabins, there have been
surprisingly few studies of air distribution in cabins with the gaspers turned on. It is crucial to
investigate the air distribution and contaminant transport in cabins with gaspers turned on in
order to evaluate the usefulness of gaspers in protecting passenger from exposure to
contaminants.

Several experimental studies have been conducted in this area. Dai et al. (2015) measured the
flow field of a gasper-induced isothermal jet with a high-precision hotwire anemometer. You et
al. (2016) used a particle image velocimetry (PIV) technique to measure the interactions among
the gasper-induced flow, the main flow in the cabin, and the thermal plume from a passenger in a
cabin mockup. To study the impact of gaspers in actual airliners, Li et al. (2016) measured the
distributions of air velocity, air temperature, and contaminant concentrations in the economyclass cabin of a retired MD-82 airliner with two fifths of the gaspers open and compared them
with the distributions when the gaspers were off. They found that turning on the gaspers would
not necessarily improve the air quality.

Conducting experiments in a real aircraft cabin is very expensive, but numerical methods have
also been employed to investigate the air distribution and contaminant transport in aircraft cabins
with gaspers on. Among these methods, computational fluid dynamics (CFD) has been widely
used because it is informative and economical (Liu et al., 2012a). For instance, Zhang et al.
(2009) used CFD to predict the air distribution and gaseous and particulate contaminant transport
in a half-occupied, twin-aisle aircraft cabin mockup. Liu et al. (2013) used experimental data to
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evaluate the performance of various turbulence models in predicting the air distribution in the
first-class cabin of an MD-82 airliner. Gupta et al. (2012) assessed the risk of airborne infection
in aircraft cabins by using CFD to predict the spatial and temporal distributions of droplets
exhaled by a passenger in a seven-row, twin-aisle aircraft cabin. Although the above studies are
interesting, in all of these cases it was assumed that the gaspers were turned off. Thus, it is
worthwhile to identify the suitable turbulence model to calculate air distribution in cabins with
gaspers turned on.

Furthermore, since the geometry of a gasper is highly complex, describing the geometry required
millions of cells in CFD simulations. If detailed gasper geometry were applied in a five rowsection of a cabin, the total grid number used to discretize the domain would easily exceed 10
million. Such computation would require a computer cluster with at least 64 GB RAM, which
may not be affordable. Thus, how to effectively model the air jet from a gasper deserves careful
investigation. Also, most of the existing studies only focused on the gasper-induced flow. There
is not a clear answer to the question: will turning on the gaspers improve the cabin air quality in
commercial airliners? Thus, it is worthwhile to systematically investigate the impact of gaspers
on cabin air quality in commercial airliners such as Boeing 737 and 767.

The literature review indicated that the current air distribution in airliner cabins cannot
effectively control the transport of airborne infectious pathogens. Meanwhile, displacement
ventilation systems have been widely used in buildings and have been shown to be more
effective than mixing ventilation systems in removing contaminants (Lee et al., 2009). Therefore,
to reduce the transmission of airborne infectious pathogens and/or to improve cabin air quality,
new ventilation systems have been developed further from the displacement ventilation system.
Schmidt et al. (2008) and Müller et al. (2011) compared mixing ventilation with displacement
ventilation systems in a section of an A320 cabin mockup. Schmidt et al. (2008) found that a
mixing ventilation system had higher draft risk, while a displacement ventilation system could
result in “hot heads.” However, Müller et al. (2011) suggested that a displacement ventilation
system could maintain an acceptable cabin thermal environment as long as the temperature
difference between the head and feet was kept in a comfortable range. Bosbach et al. (2012)
measured the air velocity and temperature in a single-aisle airliner cabin with mixing ventilation,
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displacement ventilation, and hybrid ventilation during stationary ground and flight tests in an A320 airliner. The displacement ventilation system supplied air through the lower sidewalls of the
cabin and exhausted the air near the cabin ceiling, while the hybrid ventilation was a
combination of mixing and displacement ventilation. The researchers found that the mixing
ventilation system had the lowest heat removal efficiency, indicating that mixing ventilation may
not be efficient in controlling contaminant transport. The use of a displacement ventilation
system in a cabin, meanwhile, may be efficient in controlling the contaminant transport but, it
may result in poor thermal comfort. Therefore, it is worthwhile to propose an innovative
ventilation system that would reduce contaminant transport and maintain thermal comfort.
Therefore, further investigation is needed to evaluate the innovative ventilation system.

1.2

Outline of This Report

Chapter 2 presents a literature review on the existing studies of predicting air distribution and
contaminant transport in aircraft cabins. The review identified three major problems of the
existing studies, which will be addressed in the following chapters.

Chapter 3 presents experimental and numerical study of airflow distribution in an Aircraft cabin
mockup with a gasper on. Experimental measurements of airflow distribution were conducted in
a mockup of half of a full-scale, one-row, single-aisle aircraft cabin with a gasper on. The
measured data were then used to evaluate the performance of the RNG k-ε model and the SST kω model.

Chapter 4 proposes a method for simplifying the gasper geometry to reduce the grid number in
CFD simulation of air distribution and contaminant transport in aircraft cabins with gaspers on.
The method was then validated by two sets of experimental data obtained from a cabin mockup
and a real aircraft cabin.

Chapter 5 presents an investigation of the impact of gaspers on cabin air quality in commercial
airliners with a hybrid turbulence model. A hybrid turbulence model, which was suitable for
predicting the air distribution in aircraft cabin with gaspers on, was proposed and validated. The
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model was then used to systematically investigate the impact of gaspers on cabin air quality in a
seven-row section, economy-class cabin of Boeing 767 and 737 airplanes.

Chapter 6 proposed an innovative ventilation system that would reduce contaminant transport
and maintain thermal comfort in airliner cabins. The proposed system was then manufactured
and installed in a fully occupied seven-row, single-aisle airliner cabin mockup. The air velocity,
air temperature, and contaminant distributions in the cabin mockup were measured to confirm
the performance of the ventilation system. A validated CFD program was used to obtain suitable
parameters for the system by designing a cabin environment for a one-row section of a fully
occupied Boeing-737 cabin. The CFD results were used to assess the proposed system.

Chapter 7 used Wells-Riley integrated CFD to obtain the SARS quanta based on the SARS
outbreak on a flight from Hong Kong to Beijing during the 2003 SARS epidemics. This chapter
then calculated the SARS infection risk and risk of draft in the seven-row section of the fully
occupied, economy-class cabin of two commercial airplanes, Boeing 737 and Boeing 767, with
different ventilation systems. The obtained results were then used to evaluate the performance of
the personalized displacement ventilation system in controlling contaminant transport and
maintaining cabin thermal comfort.

Chapter 8 summarizes the major findings of this investigation and discusses the potential future
work.
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CHAPTER 2.

LITERATURE REVIEW

To improve the cabin environment, it is critical to accurately and effectively obtain information
about air distribution and contaminant transport in aircraft. CFD is the most popular and
effective simulation tool for obtaining such information. This chapter conducts a literature
review on the existing CFD models for predicting air distribution and contaminant transport in an
aircraft cabin with gaspers on in order to identify the major problems.

2.1

Airflow and Turbulence models

To investigate the air distribution in a cabin with gaspers on, CFD is the most popular because it
can provide informative and accurate air distribution results in aircraft cabins. For instance, Yan
et al. (2009) used the standard k-ε model to calculate the air distribution in an occupied Boeing
767 mockup. Zhang et al. (2009) and Gupta et al. (2011) applied a re-normalization group (RNG)
k-ε model (Yakhot and Orszag, 1986) with a Lagrangian method to predict the airflow field and
particle transport in an aircraft cabin. Liu et al. (2013) compared the performance of the RNG k-ε
model, large eddy simulation (LES) (Smagorinsky, 1963; Deardorff, 1970), and detached eddy
simulation (DES) (Spalart et al., 1997; Shur et al., 1999) in predicting air distribution in a
commercial airplane. The review by Liu et al. (2012a) concluded that the RNG k-ε model was
the most robust turbulence model for cabin airflow simulations. Although LES can provide more
accurate results, its computing cost is very high (Liu et al., 2012a). It should be noted that the
studies above were designed for investigating the main airflow field rather than gasper-induced
airflow. The latter has similar features to a jet with very high gradients of pressure, velocity, and
temperature, which make the LES simulation even less affordable. However, Shi et al. (2015b)
found the shear stress transport (SST) k-ω model to be superior in predicting jet flow. The air
distribution in a cabin with gaspers turned on may be dominated by both the main airflow and
gasper-induced airflow. Therefore, it is worthwhile to compare the RNG k-ε and SST k-ω
models in order to identify a suitable turbulence model for predicting such airflow with a
reasonable computing cost.
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Both of the RNG k-ε and SST k-ω models are Reynolds-averaged Navier-Stokes (RANS)
models. For an incompressible Newtonian flow, the RANS equation can be written as:
U i

1 P   U i U j

(U jU i )  

( (

)  ui u j )  S
t x j
 xi x j  x j xi

(2.1)

where U is the Reynolds-averaged air velocity, t the time, x the coordinate, ρ the air density, P
the pressure, μ the air viscosity, u the fluctuating air velocity, and S the source term. The bar
stands for Reynolds average. Both the RNG k-ε and SST k-ω models use the Boussinesq eddyviscosity approximation to link the turbulence Reynolds stresses to eddy-viscosity:

ui u j 

t U i U j 2
(

)   ij k
 x j xi
3

(2.2)

where ui u j is the turbulence Reynolds stress, μt the eddy viscosity, δij the Kronecker delta, and k
the turbulence kinetic energy. The k can be expressed as:

k

1
uiui
2

(2.3)

The k-ε models solve two transport equations for turbulent kinetic energy (k), and dissipation
rate of turbulence energy (ε). Lauder and Spalding (1974) developed the standard k-ε model
based on experimental data of free shear turbulent flows. Therefore, standard k-ε model is
appropriate for fully turbulent jets and mixing layers. The RNG k-ε model (Yakhot and Orszag,
1986; Choudhury, 1993) was developed to account for the effects of smaller scales of motion
based on the mathematical technique called "renormalization group'' (RNG) methods. For indoor
environments, RNG k-ε model is found to be the most robust and accurate turbulence model
(Chen, 1995; Zhang et al., 2007; Wang and Chen, 2009). In addition, since the RNG k-ε model
was developed for fully turbulent flows, wall functions were required for near wall region when
simulating wall-bounded flow.
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The turbulent eddy viscosity in the model is calculated by:

t   C 

k2



(2.4)

where Cμ is an empirical constant.

This model calculates the turbulence kinetic energy by:
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where αk is the inverse effective Prandtl number for k, μeff the effective viscosity, Gk and Gb the
turbulence generation due to the mean velocity gradient and buoyancy, respectively, and YM the
contribution of the fluctuating dilatation in compressible turbulence to the overall dissipation rate.
This model calculates the ε by:



 
 

2
     U i    eff   C1 (Gk  C3 Gb )  C2   R
t
xi
x j 
x j 
k
k

(2.6)

where αε is the inverse effective Prandtl number for ε, and C1ε, C2ε, and C3ε are constants.
Detailed descriptions of all the terms in the equations can be found in the ANSYS Fluent manual
(ANSYS, 2010).
In the k-ω models, a transport equation of specific turbulence dissipation rate (ω) is used instead
of ε, where ω is the ratio of ε to k. The standard k-ω model developed by Wilcox (1988) is
resolved in the near wall region. Compared with the k-ε models, it is thus superior in predicting
equilibrium adverse pressure flows (Wilcox, 1988; Huang et al., 1992). However, the mean
velocity of free shear flows and wake region predicted by standard k-ω model is sensitive to free
stream turbulence (Menter, 1994). To take advantage of both models, the SST k-ω model
(Menter, 1994) was developed as an integrated model of the standard k-ε model and standard k-
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ω model. The SST k-ω model utilizes the standard k-ω model in the near wall region, and
activates a transformed standard k-ε model in the free shear region. Blending functions are
employed to gradually switch on and off the two models. Therefore, the SST k-ω model is
suitable for both free shear region and near wall region with equilibrium adverse pressure flows.
In the SST k-ω model, the turbulent eddy viscosity is calculated by:

t 

k
1
 max[ 1 , SF2 ]
 * a1

(2.7)

where α* is a coefficient that damps the turbulent viscosity, causing a low-Reynolds-number
correction; S is the strain rate magnitude; F2 a blending function; and a1 a constant.

This model calculates the turbulence kinetic energy by:
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where α’k is the turbulent Prandtl number for k, G k the generation of turbulence kinetic energy
due to mean velocity gradients, and Yk the dissipation of k due to turbulence. This model
calculates the ω by:
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(2.9)

where αω is the turbulent Prandtl number for ω, Gω the generation of ω, Yω the dissipation of ω
due to turbulence, and Dω the cross-diffusion term. As mentioned above, the SST k-ω model is
essentially a standard k-ω model in the near wall region and a standard k-ε model in the bulk air
region. Therefore, a blending function, F1, was used to smoothly switch between the standard k-
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ω and k-ε models based on the distance from a cell centroid to the wall. A detailed description of
all the terms in the equations and the blending function, F1, can be found in Menter (1994).

Note that the air distribution in the occupied zone of a cabin with gaspers turned on may be
dominated by both the main airflow and gasper-induced jet flow. As discussed above, the RNG
k-ε model is the most popular and robust for simulations of cabin main airflow, and the SST k-ω
model is suitable for both free shear jet and boundary layer. Therefore, it is worthwhile to
evaluate these two models’ performances in predicting the air distribution in the occupied zone
of a cabin with gaspers on.

2.2

Contaminant Transport Models

Airborne infectious particles are the most hazardous contaminant in aircraft cabins. For particle
modeling, the Eulerian and Lagrangian models are the most popular methods. The Eulerian
model considers the particle phase as a continuum and solves the scalar transport equation. For
the majority of the airborne infectious particles, the gravitational settling effect is negligible. In
this case, the scalar equation is:

(u j C )
x j



 t C
(
)  SC
x j  C x j

(2.10)

where uj is the averaged air velocity; υt is the turbulent kinetic viscosity; σc is the turbulent
Schimit number; and Sc is the particle source term. A user-defined function can be implemented
in ANSYS Fluent 12.1 to realize the Eulerian model (ANSYS, 2010).

On the other hand, the Lagrangian model calculates the trajectory of each individual particle
using the particle momentum equation:

du p
dt

 FD (ua  u p ) 

g (  p  a )

p

 Fa

(2.11)
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where u p is the particle velocity vector; u a is the air velocity vector; g is the gravitational

acceleration vector; ρp and ρa is the density of particle and air, respectively; and Fa is

Brownian motion force. The drag force, FD (ua  u p ) , can be calculated by:

FD (ua  u p ) 

18a CD Re
(ua  u p )
 p d p2 24

(2.12)

where µα is the air viscosity, dp is the diameter of particle, Re is the Reynolds number, and CD is
the drag coefficient, which can be calculated by:

CD  a1 

a
a2
 32
Re Re

(2.13)

where a1, a2, and a3 are constants. The turbulence dispersion is modeled using the Discrete
Random Walk (DRW) model:

u 'i   i 2ki / 3

(2.14)

where ζi is a normal random number and ki is the turbulent kinetic energy in cell i. The particle
trajectories can be calculated using ANSYS Fluent 12.1 (ANSYS, 2010).

Wang et al. (2012) have tested different combinations of the airflow and particle models for
steady-state cases. For steady-state airflow conditions, they preferred the RANS model with the
Eulerian method due to the reasonable accuracy and low computing cost associated with the
model. Since this study mainly focuses on steady-state cases, the Eulerian method will be used to
calculate the contaminant transport in aircraft cabins.
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2.3

Major Problems of Existing Studies

2.3.1 Identification of Suitable Turbulence Model
Overhead gaspers are prevalently installed in aircraft cabins as a personalized ventilation system.
The air distribution in cabins with gaspers on is crucial for creating a thermally comfortable and
healthy cabin environment. To accurately calculate the air distribution in an aircraft cabin with
gaspers on, a suitable turbulence model should be identified. As discussed above, the RNG k-ε
model is the most popular and robust for simulations of cabin main airflow, and the SST k-ω
model is suitable for gasper-induced jet flow. However, there are no studies carefully comparing
these two models for simulating air distribution in cabins with gaspers turned on. Furthermore,
there are no high quality experimental data available in the literature for the model evaluation
and comparison.
2.3.2 Modeling of the Gasper
To study gasper-induced flow, Shi et al. (2015) used detailed gasper geometry in CFD to predict
the air distribution of a jet from a gasper. Describing the geometry required millions of cells.
They used the detailed geometry of the gasper in predicting the air distribution from a single
gasper turned on. They found that the grid around the gasper accounted for about 30% of the
total grid, while the volume of this region was only around 0.0005% of the calculation volume
(about half row of a cabin). If detailed gasper geometry were applied in a section of a cabin
(where a minimum of five rows are needed for contaminant transport), the total grid number used
to discretize the domain would be at least 20 million. The computation would require a computer
cluster with at least 64 GB RAM. The literature review indicated that CFD could be an
informative tool for studying air distribution and contaminant transport in airplane cabins with
gaspers on, but the computing costs would be unacceptably high. This high cost is a result of the
large grid number needed to represent the detailed geometry of the gaspers. For affordable CFD
simulations, it is essential to reduce the grid number for the gaspers without compromising
accuracy.
2.3.3 Impact of Gaspers on Cabin Air Quality
Although the studies reviewed above have provided great insight into gasper-induced flow, there
is no systematic study focusing on the impact of gaspers on cabin air quality in commercial
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airliners. Namely, there is not a clear answer to the question: will turning on the gaspers improve
the cabin air quality in commercial airliners? To answer this question, the suitable turbulence
model to be identified or developed in this study can be used to numerically calculate the
infection risks of acquiring infectious diseases in commercial airliners, such as Boeing 737 and
767. Under different gasper settings, a database of infection risks can be developed. Based on the
database, the impact of gaspers on cabin air quality in commercial airliners can be systematically
investigated.
2.3.4 An Innovative Ventilation System for Airliner Cabins
In airliner cabins, mixing ventilation systems with gaspers are not efficient in controlling
contaminant transport. Meanwhile, displacement ventilation systems have been widely used in
buildings and have been shown to be more effective than mixing ventilation systems in removing
contaminants. Therefore, to reduce the transmission of airborne infectious pathogens and/or to
improve cabin air quality, new ventilation systems have been developed further from the
displacement ventilation system. The use of a displacement ventilation system in a cabin,
meanwhile, may be efficient in controlling the contaminant transport but, it may result in poor
thermal comfort. To improve the cabin air environment, an innovative ventilation system can be
proposed in this study that would reduce contaminant transport and maintain thermal comfort in
airliner cabins.
2.3.5 Proposed Tasks
According to the review conducted in this chapter, the following tasks are proposed in this study
to model the air distribution and contaminant transport in commercial airliners with gaspers on:

(1) Conduct experimental measurements to obtain high-quality data and use the data to identify a
suitable turbulence model for predicting air distribution in aircraft cabins with gaspers on;

(2) Develop a simplified gasper model to reduce the necessary grid number in CFD simulations
in order to reduce the computing cost;
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(3) Investigate systematically the impact of gaspers on the cabin air quality in commercial
airliners using the identified or developed turbulence model.

(4) Propose an innovative ventilation system that would reduce contaminant transport and
maintain thermal comfort in airliner cabins.

(5) Assess the performance of the proposed innovative ventilation system in controlling
contaminant transport and maintaining thermal comfort in airliner cabins.
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CHAPTER 3.
EXPERIMENTAL AND NUMERICAL STUDY OF
AIRFLOW DISTRIBUTION IN AN AIRCRAFT CABIN MOCKUP
WITH A GASPER ON

Overhead gaspers are prevalently installed in aircraft cabins as a personalized ventilation system.
The air distribution in cabins with gaspers on is crucial for creating a thermally comfortable and
healthy cabin environment. However, very few studies have investigated the suitable turbulence
model to simulation air distribution in cabins with gaspers turned on. Therefore, this chapter first
conducted experimental measurements of airflow distribution in a mockup of half of a full-scale,
one-row, single-aisle aircraft cabin with a gasper on. PIV was used to measure the complex
airflow field above a human simulator. This investigation then used the measured data to
evaluate the performance of CFD simulations with the RNG k-ε model and the SST k-ω model.

3.1

Experimental and Numerical Methods

3.1.1 Experimental Method
3.1.1.1 Experimental Setup
The main objective of this task was to identify a suitable turbulence model for calculating
airflow distribution in an aircraft cabin with gaspers on. The research required very high quality
experimental data to validate the model while the data must contain all the flow characteristics
found in actual cabins. Complex cabin mockups and real aircraft cabins were not preferable for
model evaluation. For instance, Zhang et al. (2009) measured the airflow field in a section of half
occupied, twin-aisle cabin mockup with complex geometry. Liu et al. (2013) further measured
the airflow field in the first-class cabin of a functional MD-82 airplane with heated manikins.
Since the mockup and airplane were very complex in geometrical and thermos-fluid boundary
conditions, it was impossible to control the boundary conditions. For example, the air supply
from the main diffusers were highly non-uniform and three dimensional, the heat flux from
manikins with human shape was also non-uniform, and the pressure difference along the
longitudinal direction was not zero that formed a strong longitudinal flow. Thus the uncertainties
in the experimental data would be much greater than the model difference as reported in Zhang
et al. (2009) and Liu et al. (2013). Therefore, this study designed such a simplified cabin mockup
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that contained all the most important flow mechanism such as inertial force from a gasper,
thermal plume from a heat box with uniform heat flux, and geometry close to an air cabin.

This study built a simplified full-scale mockup of half of a one-row, single-aisle aircraft cabin
with dimensions of 1.75 m in width (x), 0.9 m in depth (y), and 2.2 m in height (z), as shown in
Figure 3-1. The main airflow entered in a downward direction from a linear diffuser on the aisle
ceiling, and the exhaust was located on the right-side wall at floor level. The environmental
control system supplied air at a velocity of 1.44 m/s. The enclosures were well insulated so that a
stable thermal condition was maintained in the cabin mockup. A gasper was installed on the
inclined surface of the ceiling, and it supplied air at a flow rate of 1.2 l/s. The total airflow from
the main ventilation system and the gasper was 27.1 l/s. This total airflow was equivalent to an
air change rate of 33.5 ACH, which is similar to the air change rate (33.7 ACH) in a published
study on droplet transport in an aircraft cabin (Gupta et al., 2011). A heated human simulator
was used to represent a passenger inside the cabin. The sensible heat load of the simulator was
controlled at 75 W. Although the cabin mockup was different from an actual cabin, the
experiment was meaningful because the airflow characteristics should have been similar to those
in a cabin.

Supply inlet
Gasper

z y

Boeing 737
(Economy class)

x
Human
simulator

Exhaust

Figure 3-1. Configuration of the aircraft cabin mockup.
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As illustrated in Figure 3-2(a), the airflow field in the area directly above the human simulator
was the most complex, because the main supply airflow, the gasper-induced airflow, and the
thermal plume generated by the human simulator interacted in this region. This investigation
used a PIV system (LaVision) to measure the two-dimensional airflow field in an area above the
simulator as identified in Figure 3-2(b). The PIV system consisted of a laser generator and a
camera with a resolution of 2048 x 2028 pixels. The laser beam was transmitted to a 1-mm-thick
laser sheet by a set of lenses. A fog generator with an aqueous glycol solution was used to
generate fine particles with a diameter of 1-2 µm. Particles with a diameter in this range (< 3 µm)
are able to follow the flow faithfully (Cao et al., 2014b). In addition to the PIV measurement in
the critical area, this study also used hot-sphere anemometers (HSAs) to measure the air velocity
magnitude and temperature in the locations where the gasper-induced jet had limited impact, as
shown in Figure 3-2(b). This investigation used thermocouples to measure the averaged supply
air temperature and all the surface temperatures.

Measuring location for HSAs

Measuring area for PIV

Gasper-induced airflow
A1 A2 B1 B2
C1 C2 D1 D2
E1 E2 F1 F2

Main airflow

Thermal plume

1

2

3
Line number

(a)

(b)

Figure 3-2. Setup for experimental measurements: (a) Critical area where the main airflow,
gasper-induced airflow, and thermal plume interacted; (b) measurement area for airflow field by
PIV and measurement locations for air velocity and temperature by hot-sphere anemometers.
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3.1.1.2 Experimental Procedure
Before the experiment, the environmental control system for the cabin mockup was operated for
about five hours to achieve a stable air distribution. In the PIV system used in this study, each
camera was able to measure a sub-area of 0.16 x 0.16 m2 with high quality. Since there were two
cameras, 12 sub-areas were measured in six independent tests in order to complete the whole
measurement area shown in Figure 3-2(b). Each test captured 800 pairs of images in the sub-area
with a time step size of 0.001 s, providing accurate and statistically meaningful information
about the air velocity field with a resolution of 128 x 128 data points. Thus, the whole
measurement area contained 512 x 384 data points. This investigation also measured the air
velocity and temperature in other areas as shown in Figure 3-2(b) using hot-sphere anemometers.
Furthermore, the supply air temperature and all the surface temperatures were measured along
the centerline using thermocouples, and the averaged results are as listed in Table 3-1.

Table 3-1. Measured boundary conditions.
Boundary

Temperature (oC)

Boundary

Temperature (oC)

Front wall (-y)

19.7

Rear wall (+y)

19.2

Left wall (-x)

18.5

Right wall (+x)

19.2

Ceiling (+z)

19.0

Floor (-z)

19.4

Supply air (main)

18.4

Supply air (gasper)

17.9

Human simulator

24.5

The complete experiment was conducted twice on different days. As shown in Figure 3-3, these
two independent measurements of air velocity and temperature by the hot-sphere anemometers
matched each other closely. This result indicates that the experiment was repeatable.
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Test 1, Air velocity (m/s)

0.3

0.2

R² = 0.99

0.1

0
0

0.1
0.2
Test 2, Air velocity (m/s)

0.3

(a)

Test 1, Temperature (oC)

21.1
20.8

R² = 0.99
20.5
20.2
19.9
19.9

20.2 20.5 20.8 21.1
Test 2, Temperature (oC)
(b)

Figure 3-3. Comparison of two independent measurements of (a) air velocity and (b) temperature
using hot-sphere anemometers.
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3.1.2 Numerical Method
Figure 3-4(a) shows a photograph of the gasper that was used in this study. The diameters of the
upper and lower round sections were 35 and 17.7 mm, respectively. The air supply inlet was
annular in shape and was located inside the gasper. The diameter of the annular inlet was 12.6
mm, and the total inlet area was 33.4 mm2. This study created a detailed geometry of the gasper
on the basis of measured dimensions of the actual gasper, as shown in Figure 3-4(b). The
detailed geometry is essential for fully capturing the characteristics of the gasper-induced
airflow.

(a)

(b)

Figure 3-4. Gasper used in this study: (a) photograph and (b) computer model.
This investigation evaluated the RNG k-ε and SST k-ω models for predicting airflow distribution
in aircraft cabins with gasper on. The RNG k-ε model is the most popular and robust for
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simulations of cabin airflow (Liu et al., 2012a), while the SST k-ω model is superior for a jet
flow (Shi et al., 2015). These two models are two-equation Reynolds-averaged Navier Stokes
(RANS) eddy-viscosity models. Boussinesq eddy-viscosity approximation was used to link the
turbulence Reynolds stresses to eddy-viscosity. The models then introduce two more transport
equations for turbulence quantities to close the equation system.

Note that the air distribution in the occupied zone of a cabin with gaspers turned on may be
dominated by both the main airflow and gasper-induced jet flow. As discussed above, the RNG
k-ε model is the most popular and robust for simulations of cabin main airflow, and the SST k-ω
model is suitable for both free shear jet and boundary layer. Therefore, this study chose these two
models to evaluate their performances in predicting the air distribution in the occupied zone of a
cabin with gaspers on.

This study adopted the Boussinesq assumption to simulate the buoyancy effect. The SIMPLE
algorithm was employed to couple the pressure and velocity. This investigation used the firstorder scheme for pressure discretization and the second-order upwind scheme for discretizing all
the other variables. Such discretization strategy has been proven effective by many previous
studies (e.g. Zhang et al., 2007; Wang and Chen, 2009; Liu et al., 2013). The Fluent’s enhanced
wall treatment (ANSYS, 2010) was applied in the simulation with the RNG k-ε model. When the
sum of the normalized residuals for all the cells was smaller than 10-4 for velocity and turbulence
quantities and 10-6 for energy, the solutions were considered to be converged.

For the aircraft cabin mockup, this study generated a hybrid mesh that consisted of hexahedral,
prismatic, pyramidal, and tetrahedral cells, as shown in Figure 3-5. Unstructured grids
(tetrahedral and pyramidal) were used in the region near the gasper (section 1) to depict its
complex geometry, while structured grids (hexahedral and prism) were used in other regions
(sections 2 3) to reduce the total grid number. Three grid resolutions, 0.7, 1.58, and 3.07 million,
were tested for CFD grid independence. The resolution of 1.58 million was sufficiently fine to
capture the turbulent flow in the chamber. Under this grid resolution, the mesh size in section 1
ranged from 0.3 to 1 mm, while in other sections it ranged from 1 to 16 mm. The corresponding
averaged y+ for the gasper surface was around 5. Since the SST k-ω model resolves the near wall
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region instead of using a wall function, it is worthwhile to verify that the minimum size of 0.3
mm to be sufficient. Therefore, we compared our simulated jet centerline velocity from a gasper
by the SST k-ω model with the measured data from Dai et al. (2015). The jet flow in the near
gasper region was measured by a high precision hot-wire anemometer. In Figure 3-6, Um is the
mean centerline velocity, Upeak is the maximum mean centerline velocity, s is the axial distance
from the gasper, speak is distance corresponding to Upeak, and D is the diameter of the gasper
annular inlet (12.6 mm). The results shown in Figure 6 confirmed that the grid size used in this
study was sufficient. The volume of the near-gasper region was only 0.0006% of the total
volume of the cabin. Nevertheless, this region contained 28% of the total number of cells. The
complex geometry of the gasper resulted in a considerable increase in the total cell number.

1
3
2

3

0.3 mm

1 mm

Figure 3-5. Hybrid hexahedral, prismatic, and tetrahedral grids for the aircraft cabin mockup.
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Figure 3-6. Comparison of the predicted non-dimensional mean centerline velocity profile with
the measured data from Dai et al. (2015).

3.2

Results

3.2.1 Experimental Results
This investigation used PIV to measure the airflow field in the critical area in the cabin mockup.
This study first conducted a sensitivity analysis of the number of images used. As mentioned
above, 12 sub-areas were measured in six independent tests to complete the whole measurement
area shown in Figure 3-2(b). It should be noted that because the airflow fields in the six subsections were measured at different times, they could not be combined together at a single time
point. Therefore, only one section was used for the sensitivity analysis. Figure 3-7 compares the
time-averaged airflow field for section B from 1, 10, 50, 100, 500, and 800 images, respectively.
The single-image result shown in Figure 3-7(a) was not smooth. The time-averaged airflow field
became smoother as the number of images increased. A strong jet profile was observed when the
number of images reached 50. When the number of images reached 800, a smooth and
converged vector field was obtained.
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Figure 3-7. The time-averaged airflow field in section B from (a) one image, (b) 10 images, (c)
50 images, (d) 100 images, (e) 500 images, and (f) 800 images
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(a)

(b)

(c)

(d)

(e)

(f)
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Figure 3-8 shows the time-averaged airflow field obtained by averaging 800 images for each
sub-area to form the entire region as shown in Figure 3-2(b). Although the sub-areas were
measured in six different tests, the transitions between sub-areas were smooth. A strong jet
structure was observed from the upper right to the lower left part of the measurement area, and
the jet decayed as it developed. The direction of the main flow in the lower right corner of the
cabin is upward. A clear vortex structure formed in the lower right part of the area. This vortex
may have resulted from the interaction between the gasper-induced jet, the thermal plume
generated by the human simulator, and the main flow in the cabin. The data obtained from the
experiment will be used to evaluate the chosen CFD models.

Figure 3-8. The time-averaged airflow field in the measurement area obtained from 800
measured images.

3.2.2 Model Evaluation
This study first evaluated ability of the RNG k-ε and SST k-ω models to predict airflow
distribution in the critical area (as shown in Figure 3-2(b)) by comparing their results with the
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measured data obtained by PIV. Figure 3-9 compares the predicted two-dimensional airflow field
with the experimental data in the critical area. To make the comparison more easily observable,
the resolutions of the experimental data were reduced from 512 x 384 to 15 x 14. The
corresponding data points predicted by the two models were used for the comparison. Both
models correctly predicted a strong jet traveling from the upper right-hand side to the lower lefthand side. Furthermore, both models were able to capture the small circulation pattern on the
lower right-hand side that was caused by the interaction between the gasper-induced flow and the
thermal plume generated by the human simulator. However, the RNG k-ε model obviously
under-predicted the velocity magnitude of the gasper-induced flow in the critical area.

Figure 3-9. Comparison of the predicted airflow field and experimental data in the critical area.
To further analyze the numerical results, Figure 3-10 compares the predicted and measured
velocity profiles in the horizontal (x) and vertical (z) directions at five lines in the critical area. It
should be noted that both the predicted and measured data in the figure contained the air velocity
in only the x and z directions. In the horizontal direction, the velocity profiles predicted by the
SST k-ω model were in very good agreement with the experimental data, as shown in Figure 310(a). The SST k-ω model correctly captured the peak velocity at each line. However, the
agreement between the results from the RNG k-ε model and the data measured by PIV was
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unsatisfactory, because the RNG k-ε model failed to capture the peaks. In the vertical direction,
the velocity profiles predicted by the SST k-ω model again agreed very well with the
experimental data, as shown in Figure 3-10(b). However, as in the horizontal direction, the RNG
k-ε model failed to accurately predict the velocity profile in the vertical direction, especially at
lines 3, 4, and 5. The measured airflow field indicates that the gasper-induced jet dominated in
the critical area. Since the SST k-ω model was superior in predicting a jet flow (Shi et al., 2015),
it tended to be more accurate than the RNG k-ε model in predicting the air velocity distribution
in the critical area of the aircraft cabin mockup.
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(a)
Figure 3-10. Comparison of the predicted and measured velocity profiles in (a) the horizontal
and (b) the vertical direction in the critical area.
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Figure 3-10. Continued.
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(b)
To quantitatively compare the accuracy of the models, the normalized root mean square errors
(NRMSE) between the predicted and measured data were calculated by:

n

NRMSE 

( (exp,i  model,i ) 2 ) / n
i 1

exp,max  exp,min

(3.1)
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where ϕexp,i is a data point from the experimental data, ϕmodel,i is the corresponding data point
from the modeling results, and ϕexp,max and ϕexp,min is the maximum and minimum value of
experimental data, respectively. Table 3-2 listed the calculated NRMSEs between the predicted
and measured horizontal and vertical velocity in the critical area. As shown in Table 3-2, the
NRMSEs for the SST k-ω model were significantly lower than the RNG k-ε model. Thus, the
SST k-ω model is the most appropriate model for predicting the air distribution in the occupied
zone of a cabin.

Table 3-2. Normalized root mean square errors (NRMSE) between the predicted air velocity and
the data measured by PIV for the turbulence models.
Normalized root mean square error (NRMSE)
Compared parameter
SST k-ω model

RNG k-ε model

Horizontal velocity by PIV

0.06

0.13

Vertical velocity by PIV

0.08

0.12

This investigation also compared the predicted turbulence feature by the SST k-ω and RNG k-ε
models with the measured data. Since the measured data was only two-dimensional, the
turbulence features were defined as

(ux ' )2  (uz ' )2 , where ux’ and uz’ represent the turbulent

fluctuating velocity in the x and z directions, respectively. Both the RNG k-ε and SST k-ω
models assume the flow to be isotropic, and thus the predicted turbulence feature was calculated
by

(ux ' ) 2  (uz ' ) 2  2

k
3

(3.2)

where k is the turbulence kinetic energy determined by CFD. Figure 3-11 compares the predicted
and measured turbulent feature profiles at the five lines in the critical area. It can be seen that the
performance of the SST k-ω model was better than that of the RNG k-ε model at lines 2 and 3
and similar to that of the RNG k-ε model at line 5, but it was worse at lines 1 and 4. Generally
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speaking, the overall accuracy of the RNG k-ε and SST k-ω models in predicting the turbulence
feature was similar in the critical area. The discrepancies between predicted and measured data
may be attributable to the isotropic flow assumption of the two models. Further investigation is
needed to compare the measured and simulated fluctuating velocity component.

Line 1

Line 2

Line 4

Line 5

Line 3

1 2 3 4 5
Line number

Figure 3-11. Comparison of the predicted and measured turbulent feature ( (ux ' )2  (uz ' )2 ) in
the critical area.
Figure 3-12 compares the predicted velocity profiles and the data measured by hot-sphere
anemometers in the regions of the cabin where the gasper-induced airflow had limited impact on
the airflow pattern. The error bars represented the standard uncertainty of the measured data with
a confidence level of 68.3%.At lines 1 and 2 as shown in Figure 3-2(b), both the RNG k-ε and
SST k-ω models were able to predict the air velocities within the error bars. The lower region at
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line 1 was directly affected by the main supply airflow, so that the air velocities were greater
than the upper region. The peak velocity at the height of 1.1 m at line 2 occurred because of the
jet from the gasper. Both models were able to capture this phenomenon. At line 3, however, the
results predicted by the RNG k-ε model were slightly better than those predicted by the SST k-ω
model. The reason might be that line 3 crossed the vortex structure of the main flow, and RNG kε model is suitable for swirling flow.

Figure 3-12. Comparison of the predicted velocity profiles and the data measured by hot-sphere
anemometers in the cabin.
Figure 3-13 further compares the predicted temperature profiles and the data measured by the
hot-sphere anemometers in the regions of the cabin where the gasper-induced airflow had limited
impact. Both the experimental data and the simulation results show a rather uniform temperature
distribution with a temperature difference of less than 2 oC in the cabin mockup. Both the
measured and calculated results exhibit slight positive vertical temperature gradients at all the
lines. Both models accurately predicted the temperature profiles at these lines when compared
with the experimental data. Generally speaking, in the regions where the gasper-induced jet had
limited impact on the airflow pattern, the RNG k-ε model predicted a slightly better air velocity
and temperature distribution in the cabin mockup than did the SST k-ω model, which was
supported by the calculated NRMSEs shown in Table 3-3.
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Line 1

Line 2

Line 3

Figure 3-13. Comparison of the predicted temperature profiles and the data measured by hotsphere anemometers in cabin regions where the gasper-induced airflow had limited impact.

Table 3-3. Normalized root mean square errors (NRMSE) between the predicted results and the
data measured by hot-sphere anemometers for the turbulence models.
Normalized root mean square error (NRMSE)
Compared parameter

3.3

SST k-ω model

RNG k-ε model

Velocity magnitude by HSA

0.19

0.12

Temperature by HSA

0.27

0.27

Discussion

3.3.1 Limitations
This investigation built a full-scale mockup of half of a one-row, single-aisle aircraft cabin for
measuring airflow distribution above the human simulator of the cabin mockup with a gasper on.
Although this experimental setup was quite different from an actual cabin, it contained the main
flow features in a cabin, including the circulated main airflow, gasper-induced airflow, and the
thermal plume generated by the human simulator. Therefore, because the aim was to provide
reliable experimental data for identifying a suitable turbulence model, the experiment was
meaningful. The SST k-ω model has been thus identified, and it can be used in the future to
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calculate the airflow, temperature, and contaminant concentration distributions in actual aircraft.
Such future investigations would provide a greater understanding of the influence of gasperinduced airflow on thermal comfort and cabin air quality.

Furthermore, the PIV measurements in this study were only two-dimensional. The turbulence
kinetic energy could not be obtained with the two components of measured turbulence
fluctuating velocities. This problem could be solved by using three-dimensional PIV
measurements, which also deserves further study. In addition, other factors such as boundary
conditions may also affect the accuracy of the models in predicting turbulence quantities.

3.3.2 Characteristics of Gasper-Induced Airflow
The comparison above has identified the SST k-ω model as the most suitable one for predicting
airflow distribution in an aircraft cabin. This section analyzes the numerical results from the SST
k-ω model in detail in order to characterize this airflow. For gasper-induced flow, Dai et al.,
(2015) and Shi et al. (2015a) showed that the annular jet flow merged together and further
developed as would a round jet.

To explore the similarity between a gasper-induced jet in an aircraft cabin and a round jet, this
study compared the mean centerline velocity (Um) decay as a function of axial distance (s) for
the two jet types, as shown in Figure 3-14. The mean centerline velocity decay of the gasperinduced jet was obtained from the CFD simulation, while that of a round jet was derived on the
basis of jet theory. For a round jet in the fully developed region, Um is proportional to the inverse
of the axial distance from the jet inlet, which can be expressed as (Pope 2000; Hussein et al.,
1994):

Um
B

U m ,0 ( s  s0 ) / d

(3.3)

where B is an empirical constant, d is the diameter of the round jet, Um,0 is the exit velocity of the
round jet, s is the axial distance from the round inlet, and s0 is the position of the virtual jet origin.
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For gasper induced flow, the variable s was defined as the axial distance from the lower bound of
the gasper. Derived from Eq. (3.3), Um as a function of s could be expressed as:

Um 

B*
s  s0

(3.4)

where B* is an empirical constant. By means of a least-squares regression analysis, it was found
that a B* of 0.83 with an s0 of 0 would fit the CFD simulation data best in the axial distance
range of 0.09 to 0.58 m (zone ② in Figure 3-14), with an R2 of 0.99. Therefore, it was possible
to regard the gasper-induced jet as a fully developed round jet in zone ②. When the distance was
less than 0.09 m (zone ① in Figure 3-14), the gasper-induced jet was quite complex as discussed
in Dai et al. (2015) and Shi et al. (2015a), thus unlike a round jet. When the distance was greater
than 0.58 m (zone ③ in Figure 3-14), the velocity decay profile of the gasper-induced jet
differed significantly from that of a round jet. This result indicates that, in zone ③, the gasperinduced jet was affected by both the main airflow in the cabin and the thermal plume generated
by the human simulator. The analysis in this section provides a clearer understanding of gasperinduced airflow in the aircraft cabin mockup.

Figure 3-14. Gasper-induced jet mean centerline velocity decay as a function of axial distance
from the gasper.
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3.4

Conclusions

This chapter measured the airflow field in an aircraft cabin mockup with a gasper on and then
evaluated two turbulence models by comparing their results with experimental data. Within the
scope of this research, the following conclusions can be drawn:

(1) The PIV technique can obtain high-resolution experimental data on airflow distribution of the
critical area in an aircraft cabin mockup.
(2) The SST k-ω model is more accurate than the RNG k-ε model for predicting the airflow
distribution in gasper-induced flow dominant region in an aircraft cabin.

(3) In regions where gasper-induced airflow has limited impact on the airflow pattern, the RNG
k-ε model provides slightly better airflow predictions than does the SST k-ω model.
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CHAPTER 4.
PREDICTING AIRFLOW DISTRIBUTION AND
CONTAMINANT TRANSPORT IN AIRCRAFT CABINS WITH A
SIMPLIFIED GASPER MODEL

This chapter investigated the air distribution and contaminant transport in aircraft cabins with
gaspers on using computational fluid dynamics (CFD). If the detailed gasper geometry were used
in the CFD simulations, the grid number would be unacceptably high. To reduce the grid number,
this investigation proposed a method for simplifying the gasper geometry. The method was then
validated by two sets of experimental data obtained from a cabin mockup and a real aircraft
cabin.

4.1

Methods

The jet behavior observed in previous studies (Dai et al., 2015; You et al., 2016) appears to be
similar to that of a round jet. The present investigation explored the possibility of simplifying the
gasper geometry as a round nozzle for CFD simulations. A simple round nozzle (simplified
gasper) was used to replace the complex gasper for predicting the air distribution and
contaminant transport in cabins. The results predicted with the simplified gasper were validated
by experimental data from a cabin mockup and a real aircraft cabin.
4.1.1 Brief Introduction of the CFD Method used
This investigation used the SST k-ω model (Menter, 1994) for predicting the air distribution in
cabins with gaspers on, because it was able to accurately predict the air distribution in the critical
area (You et al., 2016). The SST k-ω model is a Reynolds-averaged Navier-Stokes (RANS)
model. Contaminant transport was simulated by the Eulerian method (Zhang and Chen, 2007).

The SIMPLE algorithm (Patankar, 1980) was used to couple the pressure and velocity. This
study used the PRESTO! scheme for pressure discretization and the second-order upwind
scheme for discretizing all the other variables. The PRESTO! scheme was used since it is
suitable for curvature and large pressure gradient near wall. Two convergence criteria were used
in this study. First, the scaled residuals for velocity, turbulence, and energy had to reach 10 -4, 104

, and 10-6, respectively. Second, this study monitored the velocity magnitude at distances of 0.1
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m, 0.25 m, and 0.5 m from the gasper outlet, and the first decimal number of the velocity
magnitude could not change with further iteration after the simulation results had converged.
4.1.2 Simplification of the Gasper for CFD Simulations
This study proposed the use of a round jet in place of the jet from the gasper. If the round jet has
the same downstream velocity field as that from the gasper, the complex gasper geometry can be
simplified as a round nozzle in CFD simulations. This section describes our approach.

In order to obtain the downstream velocity field of the gasper-induced jet, a CFD calculation was
first carried out with the detailed gasper geometry as shown in Figure 4-1(a), placed in a space as
shown in Figure 4-1(b). The dimensions of the space were 0.6 m (L) × 0.6 m (W) × 0.6 m (H),
as recommended by Shi et al. (2015) in order to capture the decay in the centerline velocity with
distance. The bottom surface was defined as the pressure outlet, and all other surfaces were
defined as no-slip walls. The supply flow rate was 1.2 L/s in this investigation, and the jet was
isothermal.
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(a)

(b)
Figure 4-1. (a) Comparison of the detailed gasper geometry and the simplified gasper geometry;
(b) case setup for studying the jet.
With the use of the CFD method described in the previous section, the centerline velocity (Um)
of the jet was found to decay as a function of axial distance (s) as shown in Figure 4-2. The axial
distance is defined as the distance from the lower edge of the gasper. The centerline velocity
decay was then used to determine the dimensions of the round nozzle.
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Figure 4-2. Centerline velocity decay as a function of axial distance for two types of jet.
For the round jet in the developed region, the non-dimensional centerline velocity can be
expressed as (Pope 2000):

Um
B

U m ,0 ( s  s0 ) / d

(4.1)

where Um,0 is the exit velocity of the round jet, B a constant of 6.2 (Hussein et al., 1994), s0 the
position of the virtual jet origin, and d the diameter of the round inlet.

From Eq. (4.1), the Um decay with s could be expressed as:

Um 

B*
s  s0

(4.2)

where B* is an empirical constant. To ensure that the gasper-induced flow has the same Um
profile as that of the round jet, the values of B* and s0 can be determined by least square
regression from the predicted Um profile as shown in Figure 4-2. In this case, the least square
regression in the fully developed jet region led to a B* of 0.75 and an s0 of 0 with an R2 of 0.99.
Note that B* has the unit of m2/s. Because the s0 of the round jet is assumed in theory to be 0, the
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calculated s0 can be used to determine the location of the nozzle outlet. The B* can then be used
to determine the diameter of the round nozzle, d, as shown in Figure 4-1(a).

Combining Eqs. (4.1) and (4.2) yields the following expression:

B*  BdU m,0

(4.3)

Since the flow rate Q from the round nozzle is

Q


4

U m ,0d 2

(4.4)

Eqs. (4.3) and (4.4) can be solved to yield

U m ,0 
d

 B*2
4QB 2

4QB
 B*

(4.5)
(4.6)

so that the diameter and supply air velocity of the nozzle can be determined.
For the gasper shown in Figure 4-1(a), the B* is 0.75 m2/s and Q is 1.2×10-3 m3/s. The
corresponding d is 12.64 mm, and Um,0 is 9.56 m/s. The complex gasper has thus been simplified
as a round nozzle for CFD prediction of air distribution in a space with the gasper on. This effort
can reduce the grid number required to discretize the gasper because the nozzle is very simple.
As a result, the computing cost is decreased without compromising the accuracy of the CFD
prediction.

4.2

Validation of the Simplified Gasper Model for Simulating the Gasper Flow

To validate the claim above in regard to the computing cost and accuracy of the CFD prediction,
this study used two cases: a cabin mockup (You et al., 2016) and a real cabin (Li et al., 2016). In
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the mockup, high-quality air velocity distribution measurements were performed with PIV. In the
real cabin, which was a section of an MD-82 economy-class cabin, the measured distributions of
air velocity and airborne contaminant were simulated by use of a tracer gas. The measured data
can be used for the validation of air distribution in cabins with the simplified gaspers.
4.2.1 Cabin Mockup Case
The cabin mockup was half of a one-row cabin that simulated a Boeing 737 as shown in Figure
4-3. The main air supply to the cabin flowed downward from a linear diffuser on the ceiling and
was exhausted at floor level. A gasper was installed on the inclined surface of the ceiling to
provide personalized ventilation to a passenger simulated by a heated box, as shown in the
figure. The box was placed in the middle of the cabin with 75 W of sensible heat. The PIV
system was used to obtain the flow in the critical area where the main cabin flow, gasper-induced
flow, and thermal plume from the human simulator encountered one another, as shown in the
area enclosed by the dashed lines in Figure 4-3. The experiment included the measurement of the
surface temperature, inlet air temperature, and flow rates, which were used as boundary
conditions for the CFD simulation.

Figure 4-3. The sketch of the aircraft cabin mockup.
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The CFD simulation used the simplified gasper model, in which the diameter d was 12.64 mm
and s0 was 0 as shown in Figure 4-1(a). This study considered three grid resolutions, 0.2, 0.3, and
0.65 million for CFD grid independence test. The resolution of 0.3 million was found to be
sufficient to model the flow in the chamber. Figure 4-4 compares the distribution of the grid
structure near the gasper for different gasper geometry models. The grid size for the detailed
gasper geometry model was much smaller compared to that for the simplified one. As a result,
using the complex gasper geometry would increase the total grid number to 1.58 million (You et
al., 2016).

(a)

(b)

Figure 4-4. Comparison of the grid structure near the gasper for (a) the simplified gasper
geometry model, and (b) the detailed gasper geometry model.
Figure 4-5 compares the air velocity distribution predicted by the simulation with the data
measured by PIV in the critical area. The results of the CFD simulation with the detailed gasper
geometry (You et al., 2016) are also plotted in the figure for comparison. The CFD predictions
with the simplified gasper model correctly captured the jet from the upper right section to the
lower left section, as well as the circulation at the lower right. Moreover, the jet direction and
velocity magnitude predicted by CFD with the simplified gasper model were similar to those
predicted with the actual gasper geometry. In summary, the CFD simulation with the simplified
gasper model accurately predicted the air distribution in the critical area, and no obvious
discrepancy was observed between the air distribution predicted by CFD with the simplified
gasper model and that with the actual gasper geometry.
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Figure 4-5. Comparison of the predicted airflow field by CFD with different gasper geometry
models and experimental data in the critical area.
For quantitative analysis of the performance of the simplified gasper model, Figure 4-6 shows
the horizontal and vertical velocity profiles at five lines in the critical area predicted by CFD and
measured by PIV. In the horizontal velocity component profiles shown in Figure 4-6(a), the
results simulated by CFD with the simplified gasper model capture the measured peak velocity,
as do the results with the actual gasper geometry. In the vertical velocity component profiles
shown in Figure 4-6(b), the CFD results with the simplified gasper model agree reasonably well
with the experimental data. When the results predicted by CFD with the two gasper geometry
models are compared with the experimental data, it can be seen that the prediction with the
simplified gasper model was slightly better for the horizontal velocity and slightly worse for the
vertical velocity. The results predicted by the two models are comparable.
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(a)
Figure 4-6. Comparison of the predicted and measured velocity profiles in the critical area: (a)
horizontal velocity component and (b) vertical velocity component.
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Figure 4-6. Continued.

(b)
On the basis of the analysis above, Table 4-1 further compares the grid cells used and the
computing time required to meet the same convergence criteria. Since the actual gasper geometry
was more complicated than that of the simplified gasper model, the grid size needed to depict the
gasper details was much smaller. Thus, the total grid number for the case with the actual gasper
geometry was more than five times that for the case with the simplified gasper model. In addition,
the actual geometry required 17601 iterations to achieve convergence, whereas the simplified
geometry required only 4251 iterations. The difference in total grid number and computing cost
resulted in a huge difference in computing time between the two cases. This investigation used a
workstation with a quad-core processor of 3.0 GHz and RAM of 16 GB. The computing time for
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the case with the actual gasper geometry was two days, while using the simplified gasper model
reduced the computing time to only 1 hour. Moreover, as discussed above, the CFD simulation
using the simplified gasper model predicted the air distribution with similar accuracy to that of
the simulation using the actual geometry. Thus, the simplified gasper model reduced the total
grid number and computing time needed to predict the air distribution in the cabin mockup
without compromising the accuracy.

Table 4-1. Evaluation of the simplified gasper model.
Actual gasper geometry

Simplified gasper model

Grid number

1.58 million

0.3 million

Computing cost

17601 iterations

4251 iterations

Computing time

2 days

1 hour

Accuracy

Similar

4.2.2 Real Cabin Case
Li et al. (2016) conducted air distribution measurements in a section of the economy-class cabin
of an MD-82 plane with the geometric configuration shown in Figure 4-7(a). Each row of the
cabin had five seats and five gaspers. Air was supplied to the cabin as a whole from the diffusers
at the cabin shoulders on both sides and was exhausted on both sides near the floor. Heated
manikins were placed on the seats to simulate passengers. As shown in Figure 4-7(b), a gas
mixture of 1% SF6 and 99% N2 was placed as a contaminant source in aisle seat 9C with an SF6
mass flow rate of 1.02×10-6 kg/s. The gaspers in columns B and C were open during the test. As
shown in Figure 4-7(b), Li et al. (2016) measured the distributions of air temperature, air velocity,
and an airborne contaminant simulated by a tracer gas in five cross sections (CS7 to CS11,
indicated by solid red lines) and three longitudinal sections (ASLS, CALS, and WSLS, indicated
by dashed red lines). The experiment also measured the time-averaged velocity and velocity
fluctuation at the diffusers; air temperature and airflow rate for each opened gasper; and the
temperature of the cabin walls, ceiling, floor, manikins, and seats.
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(a)

(b)
Figure 4-7. (a) Sketch of the five-row MD-82 economy-class cabin and (b) measuring positions
by Li et al. (2016).
The present investigation simplified the gaspers in the cabin as simple nozzles in the CFD
simulation. The gaspers in the economy-class cabin were different from the ones used in the half
of the one-row cabin; the diameter of the nozzle was 10.03 mm, and s0 was 0.0 mm as
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determined by the proposed method. The measured air velocity, temperature, and SF6
concentration at the cross sections in the front (CS7) and back (CS9) were used as the boundary
conditions in the CFD simulation. Thus, the experimental data at the remaining three cross
sections and three longitudinal sections could be used to validate the CFD results. Three grid
resolutions, 1.65, 2.98, and 6.37 million, were tested for CFD grid independence, and the
resolution of 2.98 million passed the test. The CFD simulation results converged after 8004
iterations. The total computing time was about 1 day on the same computer as that used for the
half of the one-row cabin.

This study compared the simulated distributions of the air velocity, air temperature, and
contaminant concentration with the measured data in the cabin. Figure 4-8 shows the comparison
in two cross sections (CS8 and CS9) and two longitudinal sections (ASLS and CALS). The
circles in Figures 4-8(a) and (b) represent the arms of the passengers that cut through the cross
sections, while the V-shapes below the circles represent the thighs of the passengers on the seats.
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(a)

(b)

(c)

(d)

Figure 4-8. Comparison between the predicted and measured airflow field in (a) CS8, (b) CS9, (c)
ASLS, and (d) CALS.
The experimental data in CS8 shows a strong jet from gasper, while that in CS9 is not obvious.
Since the gasper is very small, and the jet velocity gradient is very large, the flow field near the
gasper is very sensitive to the measuring location. Therefore, under current measuring resolution
(60 mm x 60 mm), the measurement in CS9 may fail to capture the large velocity of the jet. The
experimental data in CS8 shows that the flow from the gaspers first merged with the flow from
the diffusers and then flowed downward toward the aisle. Compared with the air distribution in
CS8, the merged flow in CS9 was much weaker. The CFD simulation in this study used the
measured flow from the diffusers as the boundary conditions. Since the velocity at the diffusers
differed from row to row, the air distributions in CS8 and CS9 were different. Nevertheless, the
general trend of the flow was mixing ventilation at the two cross sections. The upward flows
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above the passengers were due to the thermal plumes caused by the body heat. Similar results
were observed in the CFD simulation results. However, the air velocity calculated by CFD
differed significantly from the measured data on both sides of CS8. The CFD simulation
assumed that the manikins had uniform temperature in each section of the head, upper body, and
lower body. Since the two sides of CS8 were affected by the buoyancy from the heated manikins,
the difference may have been caused by the discrepancy between the actual temperature profile
and that used as the CFD boundary condition.

In the longitudinal sections, the experimental results showed that the air traveled from the front
to the back of the cabin. This is because the measured velocity component in the longitudinal
direction had a clear backward trend. Since the experimental data from the diffusers was used as
the boundary conditions for the CFD simulation, the calculated air velocity also exhibits
longitudinal transport toward the back of the cabin. Although the agreement between the CFD
prediction and the experimental measurements is not as good as that for the one-row cabin, the
CFD simulation results are acceptable due to the many uncertainties associated with the
measurements for such a complex scenario.

Figure 4-9 further compares the predicted and measured temperature fields in the CS9 and ASLS
sections. Since the airflow in the cabin was well mixed, the temperature distribution should have
been relatively uniform. The CFD simulation with the simplified gasper model was able to
predict the uniform temperature field. At CS9, the air temperature in the center of the cabin was
lower than the rest of the cabin, because the central region was in the path of cool air from the
diffusers and gaspers. The air temperature on the upper right side of the cabin was higher than in
the rest of the cabin. It should be noted that the flow boundary conditions of the diffusers were
very complex (Liu et al., 2012b), and at times the flow direction could even be toward a diffuser.
Therefore, the high temperature in that area may have been caused by air circulation that was due
to the complexity of the flow in the region.
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(a)

(b)
Figure 4-9. Comparison between the predicted and measured temperature field in (a) CS9, and (b)
ASLS.
At section ASLS, the measured air temperature was about 1.0 K higher than the simulated
temperature. Note that the boundary conditions for the real aircraft cabin were complicated and
difficult to maintain steady. Thus the difference may have been caused by experimental error, as
the two sections were not measured at the same time. The air temperature in the upper part of the
cabin was slightly higher than in the lower part. The same trend was observed in the air
temperature distribution calculated by CFD. Because of the obstructions created by the seat
backs and the complex airflow pattern, it is difficult to perform a quantitative comparison of the
calculated and measured air temperature distributions. Note that the air temperature fields were
measured with a precision of ±0.5 K (Li et al., 2016). As the difference between the predicted
and measured data was less than 1.0 K, the CFD simulation results are considered to be good.
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This study also compared the simulated and measured SF6 concentration distributions at sections
CS9 and ASLS because the SF6 source was located in these two sections, as shown in Figure 410. Since the air was supplied symmetrically from the diffusers and gaspers, the flow at CS9 was
almost symmetric. Thus, SF6 from the source in seat 9C was contained on the left side of the
cabin, as shown in both the measured and calculated results. The CFD results agree well with the
measured data in this section.

(a)

(b)
Figure 4-10. Comparison between predicted and measured contaminant concentration in (a) CS9,
and (b) ASLS.
However, the measured SF6 distribution at section ASLS shows that the SF6 moved upward from
seat 9C and travelled toward the back rows, but the backward trend was not captured very well
by the simulation. As can be seen in the air velocity distribution in Figure 4-8(b), the predicted
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flow direction at the source location was upward, but the measured flow direction was downward.
This difference could be a major reason for the discrepancies in SF6 dispersion.

4.3

Discussion

This study used the simplified gasper model in a CFD simulation of a five-row section of the
economy-class cabin. If this method were applied to the entire 28-row economy-class cabin, the
total grid number would be 21 million, and the computing time would be around one week on
our small workstation, which is still feasible. However, if the detailed gasper geometry were
applied to the whole cabin, the total grid number would be over 100 million. This would require
a large computer cluster and significant computing time, which might not be feasible for design
studies. The simplified gasper model can drastically reduce the total grid number and computing
time needed to predict contaminant transport in aircraft cabins without compromising accuracy.
Thus, the method for simplifying the gasper geometry could be used in future investigations to
study the aircraft cabin environment with gaspers on.

In addition to gaspers, diffusers with complicated geometry are commonly used in aircraft cabins
and buildings. The aircraft cabin in the Boeing 747-8 has about 50 slots per row on each side of
the cabin shoulder and ceiling as diffuser outlets. The supply air from a duct is directed to the
slots by an array of nozzles with extremely complicated geometry. In buildings, round and
square diffusers are commonly installed. The round diffusers supply air through concentrically
annular outlets, and the square diffusers through multiple slots. Using the detailed geometry for
these diffusers could result in large grid numbers and high computing costs. The concept
proposed in this study for simplifying the gasper geometry could also be used to simplify the
complex geometry of the diffusers in aircraft and buildings.

4.4

Conclusions

This chapter proposed a method for simplifying the geometry of a gasper to a round nozzle. The
simplified gasper model was implemented in CFD to replace the complex gasper geometry for
predicting air distribution and contaminant transport in an aircraft cabin. The predicted results
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were validated by experimental data in two cases: a cabin mockup and a real cabin. Within the
scope of this research, the following conclusions can be drawn:

(1) The proposed method for simplifying the gasper geometry as a round nozzle could ensure
that the jet from the nozzle and the jet from the complex gasper geometry have the same
downstream velocity field.

(2) Compared with the detailed gasper geometry in the CFD simulation for the cabin mockup,
the simplified gasper model reduced the grid number from 1.58 million to 0.3 million and the
computing time from 2 days to 1 hour without compromising accuracy.

(3) The CFD simulation with the simplified gasper model was acceptable in predicting the
distributions of air velocity, air temperature, and contaminant concentration in a five-row section
of the economy-class cabin of the MD82 airplane.
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CHAPTER 5.
IMPACT OF GASPERS ON CABIN AIR QUALITY IN
COMMERCIAL AIRLINERS WITH A HYBRID TURBULENCE
MODEL

It is not clear whether turning on the gaspers in the cabins of commercial airliners actually
improves the air quality. To answer this question, this chapter first developed a hybrid turbulence
model which was suitable for predicting the air distribution in aircraft cabin with gaspers on.
Next, the investigation validated the model using two sets of experimental data measured in a
cabin mockup and an actual airplane. This study then used the validated model to systematically
investigate the impact of gaspers on cabin air quality in a seven-row section of the fully-occupied,
economy-class cabin of Boeing 767 and 737 airplanes.

5.1

Model Development

To obtain the air distribution in an aircraft cabin with gaspers turned on, it is important to
identify an accurate and robust turbulence model. According to a number of comparative studies,
the RNG k-ε model is the most robust Reynolds-averaged Navier-Stokes (RANS) model for
predicting air distribution in the bulk air regions in enclosed environments (Chen, 1995; Zhang et
al., 2007; Wang and Chen, 2009; Liu et al., 2012). However, the RNG k-ε model fails to
accurately predict the complex airflow in the near wall regions, because it uses a wall function
instead of resolving the near wall airflow. In aircraft cabins, the airflow near a human body,
where the gasper-induced jet encounters the thermal plume, could be very important in terms of
thermal comfort and contaminant transport (You et al., 2016a). Several comparative studies
found that the SST k-ω model was superior in predicting airflow in the near wall regions (Shi et
al., 2016; You et al., 2016a). This is because the SST k-ω model uses the standard k-ω model in
the near wall regions, which resolves the near wall airflow. In the bulk air regions, however, the
SST k-ω model utilizes the standard k-ε model, which is less robust than the RNG k-ε model.
Therefore, it is worthwhile to develop a hybrid turbulence model for cabin airflow simulations,
one which will not only be robust in the bulk air regions but also accurate in the near wall
regions. This hybrid turbulence model will use the standard k-ω model in the near wall regions
and a transformed RNG k-ε model in the bulk air regions. A blending function will be employed
to gradually switch the two models on and off. This section details the development of the model.
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5.1.1 Standard k-ω Model in the Near Wall Regions
The hybrid model uses the standard k-ω formula in the near wall regions. The standard k-ω
model solves two transport equations for turbulence kinetic energy (k) and specific dissipation
rate (ω). The turbulence kinetic energy, k, is calculated by:
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t
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(5.1)

where t is the time, ρ the air density, Ui is the Reynolds-averaged air velocity, x the coordinate, μ
the air viscosity, μt the eddy viscosity, Γk1 is the effective diffusivity of k, Gk1 is the generation of
k due to mean velocity gradients, and Yk1 the dissipation of k due to turbulence. The specific
dissipation rate, ω, is calculated by:
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(5.2)

where Γω1 is the effective diffusivity of ω, Gω1 is the generation of ω, and Yk1 the dissipation of
ω due to turbulence. The detailed formulation of the terms and the constants can be found in
Wilcox (1988).
5.1.2 Transformed RNG k-ε Model in Bulk Air Regions
The hybrid model utilizes the RNG k-ε formula in the bulk air regions. In the RNG k-ε model, a
transport equation of turbulence dissipation rate (ε) is used instead of ω. The RNG k-ε model
calculates the turbulence kinetic energy, k, as follows:
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(5.3)
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where Γk2 is the effective diffusivity of k, Gk2 and Gb is the generation of k due to mean velocity
gradients and buoyancy, respectively; and YM the contribution of the fluctuating dilatation in
compressible turbulence to the overall dissipation rate. The dissipation rate, ε, is calculated by:
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(5.4)

where Γε2 is effective diffusivity of ε, and C1ε, C*2ε, and C3ε are constants. The detailed
formulation of the terms, and constants can be found in Yakhot and Orszag (1986).
To consolidate the standard k-ω model and the RNG k-ε model, one should transform the RNG
k-ε model into the same format of the standard k-ω model. The relationship between ε and ω can
be expressed by:
  *k

(5.5)

where β* is a constant. Inserting Eq. (5.5) to Eq. (5.3), the k equation becomes:
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Next inserting Eq. (5.5) to Eq. (5.4) and performing a long derivation transforms the ε equation,
Eq. (5.4), into the following:
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where Γω2 is equal to Γε2. Eq. (5.7) is equivalent to Eq. (5.4) but has the same format as Eq. (5.2).
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5.1.3 Hybrid Model with Blending Functions
The hybrid turbulence model utilizes the standard k-ω model in the near wall regions and the
transformed RNG k-ε model in the bulk air regions. This study employed a blending method to
gradually switch the two models on and off. This blending method was proposed by Menter
(1994) and has been successfully applied to the SST k-ω model. When the standard k-ω model
and transformed RNG k-ε model are combined, the equation for turbulence kinetic energy, k, in
the hybrid turbulence model can be expressed by:
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where Γk is the effective diffusivity of k, which can be calculated by:
k  F1k1  (1  F1 )k 2

(5.9)

where F1 is the blending function proposed by Menter (1994), which is a function of the distance
from the centroid of the cell to the nearest wall surface.
Using the same blending method, the equation for the specific dissipation rate, ω, in the hybrid
turbulence model can be expressed by:
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where Γω is the effective diffusivity of ω, which can be calculated by:
  F11  (1  F1 )2

(5.11)
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Note that the blending function, F1, ranges from 0 to 1. When the cell is located next to a wall
surface, F1 is equal to 1 and the hybrid turbulence model is essentially the standard k-ω model.
When the cell is far away from the wall, F1 is equal to 0 and the hybrid turbulence model is
equivalent to the RNG k-ε model. The blending function ensures that the hybrid model gradually
changes from the standard k-ω model in the near wall regions to the RNG k-ε model in the bulk
air regions. The detailed formulation of the blending function can be found in Menter (1994).
The present study implemented a user-defined function code in ANSYS Fluent (ANSYS, 2010)
to realize the proposed hybrid turbulence model.
5.1.4 Contaminant Transport and Risk Assessment
This study used the Eulerian model to calculate the contaminant transport in the aircraft cabins:

 
   

 Ui       S
t x i
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(5.12)

where ϕ is the contaminant concentration, Γϕ the diffusion coefficient, and Sϕ the mass flow rate
of source per unit volume. It was assumed that the infectious pathogen particles were sufficiently
fine to follow the air movement (Chen et al., 2015). On the basis of the calculated contaminant
concentration in the breathing zone of each passenger, the risk of acquiring SARS during a flight
was estimated using the Wells-Riley equation (Qian et al., 2009):
Pi  1  exp(Cq,i pt)

(5.13)

where Cq,i is the contaminant concentration in the breathing zone of a passenger, calculated using
the Eulerian method by setting the source equal to the quanta of SARS; p is the breathing flow
rate of each passenger; and t is the flight time duration.

5.2

Model Validation

This study used experimental data from two cases to validate the hybrid turbulence model. The
first case was the airflow in a mock-up of half of a full-scale, one-row, single-aisle aircraft cabin
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with one gasper turned on, from You et al. (2016a). This case was selected because the airflow
measurement was accurate and had a high resolution. The second case was the airflow in the
fully occupied first-class cabin of a real MD-82 commercial airliner from Liu et al. (2013). The
present study used the second case in order to validate the model in a realistic scenario. This
section details the validation of the model.
5.2.1 Mock-up of an Aircraft Cabin with Gasper On
The first case was the airflow in a half-row cabin mock-up that simulated a Boeing 737 with one
gasper turned on, from You et al. (2016a), as shown in Figure 5-1. The dimensions of the mockup were 1.75 m in width (x), 0.9 m in depth (y), and 2.2 m in height (z). A linear diffuser was
installed on the aisle ceiling and supplied the main airflow, while the exhaust was located on the
right-side wall at floor level. The supply-air velocity was 1.44 m/s. Additional air with a flow
rate of 1.2 l/s was supplied through a gasper installed on the inclined surface of the ceiling. The
total air change rate of the cabin mock-up was 33.5 ACH. A heated human simulator with a
sensible heat load of 75 W was placed in the mock-up. You et al. (2016a) measured the twodimensional airflow field in an area above the simulator, as identified in Figure 5-1, using a
particle image velocimetry (PIV) system. The high resolution of the measurement (512 × 384
data points) was useful for carefully validating the proposed hybrid model.

Figure 5-1. Configuration of the aircraft cabin mock-up with gasper on (You et al., 2016a).
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This study used the simplified gasper model proposed by You et al. (2016b) in the CFD
simulation. Three grid resolutions, 0.2, 0.3, and 0.65 million, were tested for CFD grid
independence. The resolution of 0.3 million was sufficiently fine to obtain grid independent
results. Figure 5-2 compares the predicted velocity profiles from the hybrid turbulence model
with the measured data. The horizontal velocity profiles at five lines in the measuring area are
shown in Figure 5-2(a), while the vertical velocity profiles are shown in Figure 5-2(b). In
addition to the results from the hybrid turbulence model, the figure displays the results from the
RNG k-ε model and the SST k-ω model. In both the horizontal and vertical directions, the
velocity profiles predicted by the hybrid model and the SST k-ω model agreed very well with the
experimental data. However, the agreement between the results from the RNG k-ε model and the
measured data was unsatisfactory. The RNG k-ε model failed to capture the peaks in the
horizontal direction, and failed to accurately predict the velocity profile in the vertical direction,
especially along lines 3, 4, and 5. This case verified the superiority of the hybrid turbulence
model in predicting the interaction of the gasper-induced jet flow with the thermal plume from
the human body, when compared with the RNG k-ε model. The difference of the hybrid model
and the SST k-ω model was very subtle in this region.
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(a)
Figure 5-2. Comparison of the predicted and measured velocity profiles in (a) the horizontal and
(b) the vertical direction in the measuring area.
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Figure 5-2. Continued.
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Line 5

(b)

5.2.2 First-Class Cabin of a Real MD-82 Airliner
The second case was the airflow in the fully occupied first-class cabin of a functional MD-82
commercial airliner from Liu et al. (2013), as shown in Figure 5-3. There were three rows of
seats, with four seats in each row. Heated manikins were used to simulate the passengers, with a
sensible heat production of 75W for each manikin. The total air change rate was 33 ACH. The
three-dimensional airflow fields were measured with ultrasonic anemometers in three cross
sections and three longitudinal sections in the cabin, as shown in Figure 5-3.
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Figure 5-3. Schematic of the fully-occupied, first-class cabin and measured sections: (a)
perspective view and (b) plane view (Liu et al. 2013).
This study tested three grid resolutions (6.4, 8.4, and 13 million) and found that a resolution of
6.4 million grid was sufficiently fine to capture the airflow in the cabin. This study compared the
calculated flow field from the hybrid turbulence model with the measured data at all the sections.
The results predicted from the RNG k-ε model and the SST k-ω model were also included in the
comparison. To keep the section concise, only the comparisons of the airflow vectors at sections
CS3 and ASLS are shown in Figure 5-4. It can be seen that all three turbulence models were able
to predict the general pattern of the airflow distributions reasonably well. The results at the other
sections led to the same conclusion.

To quantitatively compare the accuracy of the models, the normalized root mean square errors
(NRMSE) between the predicted and measured data. The overall NRMSE of the hybrid
turbulence model (0.138) was slightly lower than that of the SST k-ω model (0.141), but slightly
greater than that of the RNG k-ε model (0.129). Note that the measurements were taken in the
bulk air regions. In these regions, the hybrid turbulence model is expected to be robust because it
utilizes the RNG k-ε model. This case, with measured data in a real aircraft cabin, shows that the
hybrid model can be successfully applied in a realistic and complex scenario.
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Figure 5-4. Comparison of the computed and measured airflow patterns in (a) CS3 and (b) ASLS
in the fully occupied cabin.
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In summary, the first case, with accurate and high-resolution data, confirmed that the hybrid
turbulence model was superior to the RNG k-ε model, especially in the near wall regions. The
second case, with measured data in a real airplane, demonstrated that the hybrid model could be
successfully applied in realistic and complex cases. Therefore, the developed hybrid turbulence
model was used to investigate the impact of gaspers on cabin air quality in commercial airliners,
as discussed in the next section.

5.3

Impact of Gaspers on Cabin Air Quality

The investigation aimed to determine whether turning on the gaspers would enhance the cabin air
quality in commercial airliners. The validated hybrid turbulence model was used to calculate the
air distribution, contaminant transport, and risk of infection by SARS in the economy-class
cabins of the two most widely-used airplanes, Boeing 767 and Boeing 737, under different
gasper on/off distributions.
5.3.1 Case setup
Figure 5-5(a) and (b) are schematics of the seven-row section of fully occupied economy-class
cabin of Boeing 767 and Boeing 737 airplanes, respectively, with the seat numbers marked. The
Boeing 767 has a twin-aisle cabin with seven seats in each row. Two supply-air diffusers are
located in the center of the ceiling, and the exhausts are installed in the side walls near the floor.
For passengers seated on the board sides of the aisles (seats a, b, f and g), individual gaspers is
installed in the ceiling above the seats to provide fresh air. For the passengers seated between
the aisles (seats c, d, and e), gaspers are installed in the middle of the ceiling. In contrast, the
Boeing 737 has a single-aisle cabin with six seats in each row. Two main supply-air diffusers are
located in the center of the ceiling and another two side diffusers in the ceiling above the window
seats. The exhausts are installed in the side walls near the floor. The gaspers are installed in the
ceiling, one above each passenger. The total ventilation rate was set at 33.7 ACH for both
airplanes (Gupta et al., 2010). The airflow rate from each gasper was set at 0.66 L/s (Li et al.,
2016). The supply-air temperature was 19.3 oC. The temperatures of the walls and the passengers
were set at 24.5 and 31 oC, respectively. According to geometric symmetry, this study evaluated
four source locations, the mouths of passengers seated at d4, e4, f4, and g4, in the Boeing 767.
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Similarly, three source locations, the mouths of passengers seated at c4, d4, and e4, were
considered in the Boeing 737.
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Figure 5-5. Schematic of the seven-row section of fully-occupied, economy-class cabin of (a)
Boeing 767 and (b) Boeing 737.
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Each passenger may choose whether or not to turn on his/her gasper. Thus, there are billions of
possible gasper on/off distributions in the cabin. Calculating all the possible scenarios was
unrealistic. Therefore, the quasi-random sampling method (Nash, 1986) was adopted to
determine representative gasper on/off distributions. To illustrate the method, this paper uses the
Boeing 767 cases as an example. First, this study considered five different gasper on/off ratios,
0%, 25%, 50%, 75%, and 100%. These ratios indicate that, of the total of 49 gaspers, the
corresponding number of gaspers that are turned on is 0, 12, 24, 37, or 49, respectively. For each
gasper on/off ratio, there are still billions of possible distributions. For instance, when the gasper
12
10
on/off ratio is 25%, 12 out of 49 gaspers are turned on. Therefore, there are C49  9.2  10

possible scenarios. To reduce the number of cases, this investigation performed a quasi-random
sampling. First, the gaspers corresponding to the seats from a1 to g7 were numbered from 1 to 49.
Next, twelve numbers were quasi-randomly selected from the 49 using a Matlab code. Each
quasi-random process corresponded to a specific gasper on/off distribution. Note that in this case,
when the number of runs of the quasi-random process is sufficiently large, the chance of turning
on the gasper for each passenger converges to 25%. In other words, the generated cases are
representative of all the gasper on/off distributions when the gasper on/off ratio is 25%. To
obtain the representative cases with a reasonable tolerance of error, one should determine how
many runs of the quasi-random process are needed.

This study calculated the normalized root mean square error (NRMSE) of the chance of turning
on the gasper for each passenger under different numbers of runs by:

(x i  x) 2

n
NRMSE  i 1
x max  x min
n

(5.14)

where n is the total number of passengers, xi is the chance of turning on the gasper for a
passenger under a given number of runs, x is the expectancy of the chance of turning on the
gasper for a passenger, xmax is 100%, and xmin is 0%. Still using the gasper on/off ratio of 25%
for the Boeing 767 as an example, then, n is 49 and x is 25%. This investigation set the tolerance
of error at 10%. Thus, when the calculated NRMSE under a given number of runs was less than
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10%, the generated cases were representative of all the gasper on/off distributions. Using this
criterion, the total numbers of cases under different gasper on/off ratios could be determined.
Figure 5-6 shows the detailed gasper on/off distributions for the Boeing 767 and Boeing 737
obtained from the quasi-random sampling method. The total number of gasper on/off distribution
scenarios is 30 for each airplane.

(a)
Figure 5-6. Gasper on/off distributions determined using the quasi-random sampling method for
(a) B-767 and (b) B-737.
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Figure 5-6. Continued.

(b)

The validated hybrid turbulence model was then used to calculate the airflow distribution with
the gasper on/off distributions determined by the quasi-random sampling method. The
contaminant concentration distribution for each case was calculated using the Eulerian method.
Finally, the risk of acquiring SARS for each passenger was calculated using the Wells-Riley
equation. The quanta of SARS was set at 2670 per hour (Qian et al., 2009), and the breathing
flow rate of each passenger was set at 0.00053 m3/s, according to the ISO standard (ISO, 2007).
The flight durations for the Boeing 767 and Boeing 737 were set at 5 and 2 hours, respectively,
according to the actual durations of 1000 flights of the major airliners in the U.S. Since there
were four contaminant source locations in the Boeing 767 and three locations in the Boeing 737,
the total number of CFD cases was 210. Furthermore, there were 49 passengers in the cabin of
the Boeing 767 and 42 in the Boeing 737; thus, this study generated a database containing 9450
data points for the risk of acquiring SARS.
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5.3.2 Results and Discussion
The infection risk of SARS for a given passenger would be different under different gasper
on/off distributions and with different source locations. In other words, for a given source
location, the database contains many data points for each passenger, corresponding to different
gasper on/off distributions. Using the database, this study calculated the mean, maximum,
minimum, 75th percentile, and 25th percentile of the infection risks for each passenger with
various source locations. Figures 5-7(a) and 5-7(b) show the data for each passenger when the
source was located at seats 4d and 4g, respectively, in the Boeing 767. The points, the upper and
lower bounds of the error bars, and the upper and lower bounds of the boxes represent the mean,
the maximum and minimum, and the 75th and 25th percentiles, respectively, of the infection risks
for each passenger. Note that these variations were caused by the different gasper on/off
distributions. The results show that the gasper on/off distribution can significantly affect the
infection risk for each passenger. For example, when the source was at 4g, the SARS infection
risk for the passenger seated at 3c ranged from 0.08 to 0.92 under different distributions. This
variation occurred because the gasper-induced flows altered the air distribution in the cabin,
which in turn influenced contaminant transport from the source and the receptors. To keep this
section concise, only the results with the source at seats 4d and 4g are shown in the figure. The
results with the source at seats 4e and 4f point to the same conclusion.
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Figure 5-7. SARS infection risk distribution for each passenger in the database when the source
at seats (a) 4d and (b) 4g in the Boeing 767.
Figure 5-8 shows the results for the Boeing 737. This figure is analogous to Figure 5-7, except
that the source in the Boeing 737 was at seats 4d and 4f. As in the Boeing 767, the SARS
infection risk can be significantly influenced by the gasper on/off distribution. For instance,
when the source was at 4d, the infection risk for the passenger seated at 6f ranged from 0.18 to
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0.98 under different distributions. Therefore, for both the Boeing 767 and Boeing 737, the impact
of gaspers on cabin air quality was significant.
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Figure 5-8. SARS infection risk distribution for each passenger in the database when the source
at seats (a) 4d and (b) 4f for Boeing 737.
Figures 5-7 and 5-8 show that turning on the gaspers may significantly affect the infection risk
for each passenger. Statistically speaking, however, it is still unknown whether turning on a
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passenger’s gasper will have a positive or negative impact on his/her infection risk. To answer
this question, this study calculated the mean infection risk from the database for each passenger
when he/she turned on his/her gasper. The mean infection risk for each passenger when he/she
did not turn on the gasper was also calculated. Figure 5-9 compares the mean SARS infection
risk for the 49 passengers in the Boeing 767 when they turned their gaspers on and off. The
horizontal axis indicates the mean infection risk when the gasper was off, while the vertical axis
indicates the risk when the gasper was on. The solid line represents the 1:1 line, while the dashed
line is the linear regression. Each point represents a passenger. If a point is located exactly on the
1:1 line, it means that there was no difference in the mean infection risk for that passenger when
his/her gasper was turned on and off. If a point is above the 1:1 line, it means that turning on the
gasper increased the mean infection risk for this passenger. If appoint is below the 1:1 line, the
risk was reduced by turning the gasper on. It can be seen in the figures that most of the points are
close to the 1:1 line, and the slopes of the linear regressions are close to 1 with high R2 values.
These results indicate that, statistically speaking, the overall effect of turning on a passenger’s
gasper on the mean infection risk for the passenger was neutral for the general population.
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Figure 5-9. Comparison of SARS infection risk when the gasper was turned on and off for each
passenger in Boeing 767 with source location at seats (a) 4d, (b) 4e, (c) 4f, and (d) 4g.
Figure 5-10 is analogous to Figure 5-9, except that there were 42 passengers in the Boeing 737.
Again, most of the points were close to the 1:1 line, and the slopes of the linear regressions were
close to 1 with high R2 values. The results for the Boeing 737 led to the same conclusion as for
the 767: statistically speaking, if a passenger turned on his/her gasper, there was an equal chance
of either a positive or negative impact on his/her infection risk.
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Figure 5-10. Comparison of SARS infection risk when the gasper was turned on and off for each
passenger in Boeing 737 with the source location at seat (a) 4c, (b) 4d, and (c) 4e.
There are important practical implications of the results presented above. First, the gasper on/off
distribution can significantly influence the infection risk for each passenger. Furthermore,
statistically speaking, the overall effect of turning on a passenger’s gasper on the mean infection
risk for the passenger is neutral. That is to say, turning on a passenger’s gasper could result in
either a positive or negative impact on his/her infection risk. The practical implication is that,
even though a gasper supplies clean air that is aimed at a passenger, it may actually have a
negative effect on the passenger’s health. If the specific gasper on/off distribution produces a
high contaminant concentration in the region above a passenger’s head, turning on the gasper
may bring more contaminants into the breathing zone of the passenger as a result of the strong
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air entrainment (Shi et al., 2016). Therefore, when a passenger is deciding whether or not to turn
on his/her gasper, the conventional understanding that the clean air supplied from the gasper
enhances the air quality is not necessarily correct. If the passenger’s health is fragile, he/she
should consider not turning on the gasper to avoid the possibility of increased infection risk.

5.4

Conclusions

This chapter aimed to answer the following question: if a passenger turns on his/her gasper in a
commercial airliner, will his/her infection risk be reduced? First, this investigation developed a
hybrid turbulence model for cabin airflow simulations and validated the model with two sets of
experimental data. This study then used the validated model to numerically investigate the
impact of gaspers on the cabin air quality in a seven-row section of economy-class cabin of a
Boeing 767 and Boeing 737 airplanes. Within the scope of this study, the following conclusions
can be made:

(1) The hybrid turbulence model developed in this study is not only robust in the bulk air regions
but also accurate in the near wall regions; furthermore, it can predict the air distribution in
aircraft cabins reasonably well.

(2) The gasper on/off distribution can significantly influence the SARS infection risk for
passengers in both the Boeing 767 and Boeing 737.
(3) Statistically speaking, the overall effect of turning on a passenger’s gasper on the mean
infection risk for the passenger is neutral.

(4) Even though a gasper supplies clean air that is aimed at the passenger, it may actually have a
negative impact on the passenger’s health.
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CHAPTER 6.
AN INNOVATIVE PERSONALIZED DISPLACEMENT
VENTILATION SYSTEM FOR AIRLINER CABINS

In airliner cabins, mixing ventilation systems with gaspers are not efficient in controlling
contaminant transport. To improve the cabin environment, this investigation proposed an
innovative ventilation system that would reduce contaminant transport and maintain thermal
comfort. We manufactured and installed the proposed ventilation system in an occupied sevenrow, single-aisle aircraft cabin mockup. Air velocity, air temperature, and contaminant
distribution in the cabin mockup were obtained by experimental measurements. The
investigation used the experimental data to validate the results of CFD simulation. The validated
CFD program was then used to study the impact of the locations and number of exhausts on
contaminant removal and thermal comfort in a one-row section of a fully occupied Boeing-737
cabin.

6.1

The New Ventilation System

We proposed a new ventilation system, as shown in Figure 6-1, which would maintain thermal
comfort and reduce airborne contaminant transport in airliner cabins. Individual diffusers
installed on the floor under the seats would supply clean air to the passengers in the row behind,
and the cabin air would be extracted at ceiling level. Such a system would not occupy much of
the passengers’ leg room, since the diffusers would be installed between passengers or at the
ends of the rows. Clean air would first be supplied directly to the passengers, who generate heat.
In the presence of thermal plumes, the air would then travel upward, carrying exhaled
contaminants from the passengers to the exhausts. Therefore, the system could reduce airborne
contaminant transport in comparison with traditional mixing ventilation. The passengers’ feet
would not be in front of the diffusers, and thus the system would not produce a draft that would
jeopardize cabin thermal comfort. The system combines the advantages of under-floor air
distribution and displacement ventilation.
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(a)

(b)

Figure 6-1. Schematic of the proposed ventilation system: (a) individual diffusers under the seats
and (b) the positions of the diffusers and the air supply directions.

6.2

Measured and Simulated Air Distributions for the New System

6.2.1 Experimental Measurements
We manufactured the new ventilation system and installed it in a fully occupied, full-scale,
single-aisle, cabin mockup as shown in Figure 6-2(a). The cabin had seven rows, each with six
seats. The supply air temperature from the diffusers was controlled at 21±1 oC. The exhaust was
located in the center of the ceiling as shown in Figure 6-2(b). Heated manikins were used to
simulate passengers inside the cabin, and the power input to each of the manikins was 72 W.
This cabin mockup was in an air-conditioned room that was maintained at 19 oC. The cabin wall
surfaces were not insulated.
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(a)

(b)
Figure 6-2. (a) Photograph and (b) schematic of the fully-occupied seven-row cabin mockup.
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A constant-injection tracer-gas technique was used to measure the flow rate for each diffuser.
This experiment used a mixture of 1% sulfur hexafluoride (SF6) and 99% N2 as the tracer gas.
The mixture was injected into each diffuser at a flow rate of 140 L/h, and the SF6 concentration
was measured at the outlet of an extended air hood connected with the diffuser. Therefore, the air
flow rate for the diffuser was determined by:

Qsup ply 

QSF6
C

(6.1)

where Qsupply is the diffuser flow rate, QSF6 the SF6 injection flow rate, and C the measured SF6
concentration.

An infrared camera was used to measure the surface temperatures of the manikins, divided into
five sections: head, chest, abdomen, thighs, and calves. Since the cabin walls were not insulated,
surface temperatures were also measured, by the infrared camera and thermocouples, at the floor,
aisle, sidewalls, side ceilings, and ceiling center, in each row.

This investigation measured air velocity, air temperature, and contaminant (tracer-gas)
distributions in the cross section through the heated manikins in the fourth row (CS4). For the air
velocity distribution, we used a PIV system and UAs. In the PIV measurements, a laser generator
shined a laser sheet into the fourth row of the cabin mockup through the left side, and the camera
was fixed In front of the second row to take high-resolution pictures. Note that the manikins in
seats 2B, 3B, 2E, and 3E were removed to make room for the camera. The measuring area for
each zone was 115 cm wide and 80 cm high, as shown in Figure 6-3(a). For each zone, images
were collected for a period of five minutes at a frequency of 3 Hz after the cabin airflow had
stabilized. The recorded images were processed and analyzed using the signal processing and
cross-correlation techniques in the DynamicStudios software program to obtain the twodimensional airflow field.

Figure 6-3(b) shows the sampling points for the UA measurements. The air velocity distribution
in CS4 was measured at a 0.15 m interval as represented by black dots. For measurement of the
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air distribution in the passengers’ leg area, the section was shifted forward by 0.15 m to avoid the
legs. The area in which the shifting occurred is indicated by red dots in Figure 6-3(b). The total
number of sampling points was 197, and the measurement of air velocity at each point lasted for
five minutes at 20 Hz.

(a)

(b)

Figure 6-3. (a) PIV measuring area and (b) locations of the sampling points for the UAs in cross
section CS4.
As shown in Figure 6-4(a), the air temperature distribution in CS4 was measured by
thermocouples at an interval of 0.1 m. There were 426 sampling points for the air temperature
measurements, and the data was collected at each point for 5 minutes at 1 Hz. The thermocouples
were also used to measure the temperature distribution in the passengers’ leg area, but the
measurement locations were again shifted forward by 0.15 m. To measure the contaminant
concentration distribution, this experiment used a mixture of 1% SF6 and 99% N2 as a tracer gas.
The mixture was injected at the mouth of the manikin seated at 4D (see Figure 6-2(b) for
location) at a rate of 70 L/h. As shown in Figure 6-4(b), the SF6 concentration was sampled in
front of each passenger and in the middle of the cabin at heights of 0.1, 0.6, 0.9, 1.2, 1.45, 1.7,
and 2 m above the cabin floor and at the cabin exhaust. Thus, there were a total of 41 sampling
points, as shown in Figure 6-4(b). The SF6 concentration was measured by a photoacoustic gas
analyzer (INNOVA model 1314). The sampling time required for one data point was 45 seconds,
and data was recorded for at least 10 minutes at each sampling point.
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(a)

(b)

Figure 6-4. (a) Thermocouples mounted on a stand for measuring air temperature in CS4; and (b)
locations of SF6 sampling points in CS4.

6.2.2 Computer Simulations
Note that the experimental measurements described above were very time consuming, and it was
difficult to tune the thermo-fluid boundary conditions to the desired level. To further optimize
and assess the new ventilation system, this investigation used CFD software to conduct computer
simulations, which are typically efficient and economical. Because of the approximations used in
CFD, it was necessary to validate the computer simulations with the experimental data obtained
in the previous section before the software program could be used for ventilation system
optimization. We used a hybrid turbulence model proposed by You et al. (2017) to calculate the
air distribution in airliner cabins. Among all Reynolds-averaged Navier-Stokes (RANS) models,
the RNG k-ε model is the most robust in calculating the bulk air regions for enclosed
environments [You et al., 2016a; Chen 1995; Zhang et al., 2007; Wang and Chen, 2009], and the
SST k-ω model is superior in the near-wall regions (You et al., 2017). To take advantage of both
models, this hybrid model uses the standard k-ω model in the near-wall region and a transformed
RNG k-ε model in the bulk air region.

To simulate the contaminant transport in an airliner cabin, this study used the Eulerian method
(Zhang and Chen, 2007):
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 Ui       S
t x i
x j  x j 

(6.2)

where ϕ is the contaminant concentration, Γϕ the diffusion coefficient, and Sϕ the mass flow rate
of the source per unit volume. A detailed description of all terms can be found in ANSYS (2007).

This investigation used the SIMPLE algorithm for coupling pressure and velocity, the PRESTO!
scheme for discretizing pressure, and the second-order upwind scheme for solving all the other
variables. The turbulence intensity at the supply inlets was assumed to be 10%. The thermo-fluid
boundary conditions, including the supply air flow rate, supply air temperature, and surface
temperatures, were set according to the measured data from the experiment.
6.2.3 Measured and Simulated Air Distributions
Figure 6-5 shows the prototype of the diffusers used and their locations in the cabin mockup.
Each diffuser had a damper for airflow balancing. The diffuser grille was made of Plexiglas
because it can easily control the airflow direction, and the nine blinds in each diffuser grille
directed the flow toward the breathing zone of the passenger. A fiber filter was inserted between
the grille and the damper to create a stable and uniform flow. In future application, the seat legs
should be adjusted so that they do not block the leg area. The air supply system was insulated.
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(a)

(b)

Figure 6-5. (a) A close-up view of a diffuser and (b) the diffusers installed under the seats.
Table 6-1 lists the airflow rates measured by the constant tracer-gas method for each diffuser,
with an average of 7.63 L/s per diffuser. The relative error for all the diffusers with the average
airflow rate was 6.5% on average and 19% maximum. It was difficult to balance the flow
perfectly.

Table 6-1. Airflow rates from the diffusers (L/s).
Seat number
1
2
3
4
5
6
7

F
6.58
8.26
8.13
7.05
7.79
7.32
8.06

E
6.31
8.19
7.99
6.18
7.86
7.52
7.72

D
6.18
7.99
7.39
6.92
7.59
7.19
7.39

C
7.19
7.45
7.99
7.86
8.19
8.19
7.59

B
7.05
7.72
8.13
8.19
8.26
8.13
7.66

A
6.65
8.13
8.26
7.72
9.13
7.86
7.59

Figure 6-6 is an example of the surface temperature distribution on the manikins as measured by
an infrared camera. The image shows that the temperature was not uniform. Therefore, this
investigation used the average temperature of each section of the manikins. The average
temperatures of the heads, chests, abdomens, thighs, and calves of all 38 manikins were 31.0,
32.3, 36.0, 34.2, and 25.4 oC, respectively.
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Figure 6-6. Example of manikin surface temperature distribution measured by an infrared camera.

6.2.3.1 Air Velocity Distribution
Figure 6-7(a) compares the air distributions in CS4 as measured by UAs, PIV, and CFD. The UA
results show that the air traveled upward in the lower part of the cross section, where PIV could
not measure anything because of no optical path into this region. The upward flow was
maintained in this region because the air was directed obliquely upward from the supply
diffusers and because of the thermal plumes generated by the manikins. Moreover, both the PIV
and UA results indicate that the flow direction in the aisle was downward. The reason for the
downward flow could be that the proposed ventilation system created two circulations, one on
each side of the cabin.

The velocity magnitude was small (generally less than 0.2 m/s) in the occupied zone in CS4.
However, discrepancies were observed for the results measured by the PIV system and UAs. For
instance, at the breathing level of passenger 4D, the air traveled downward according to PIV, but
upward according to the UAs. The reason for this difference may be that the UA system
measured average velocity over a span of 3 cm in each direction, as determined by the
dimensions of the UA sensor, whereas the PIV system captured the data at a specific point. Since
the airflow in the cabin was extremely complex, such a difference between UA and PIV might
result in the discrepancy of the measured data. The numerical results predicted the general
pattern of the air velocity distribution, such as the movement of air upward in the lower region
and downward in the aisle, which was consistent with the experimental data.
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Figure 6-7. Measured and simulated air velocity distribution in (a) CS4 and (b) the leg area that
was located 0.15 m in front of CS4.
In the leg area shown in Figure 6-7(b), the measured air velocity was lower than 0.5 m/s. It is
obvious that the air traveled upward immediately after leaving the diffusers. The UA sensor was
too bulky to measure the area between the legs, and thus the air velocity close to the feet was
measured by a hot-wire anemometer. The black dots in Figure 6-7(b) represent the sampling
locations for the anemometer. The velocity magnitude at these locations was found to be in the
range of 0.10 to 0.27 m/s. Therefore, the air velocity magnitude in the leg area was acceptable.
Compared with the experimental data, the CFD simulations were able to capture the general
trend of the air distribution and provide results with acceptable accuracy.
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6.2.3.2 Air Temperature Distribution
Figure 6-8(a) and (b) show the measured temperature distribution in CS4 and in the section that
crossed the leg area. Temperature stratification can be seen in CS4, and the average temperature
difference between the heads and ankles was 2.5 K, with the highest difference value as shown in
Figure 6-8(a). Therefore, the proposed ventilation system would provide an acceptable thermal
environment in an airliner cabin. However, the temperature distribution in the occupied zone
would not be as uniform as that generated by a mixing ventilation system. Furthermore, the
temperature profile in CS4 was not symmetric, possibly because of slight differences in thermofluid and geometric conditions. In fact, the asymmetric distribution was stable. As shown in
Figure 6-8(b), the temperature in the area corresponding to the diffusers was lower than that in
the surrounding environment. Therefore, if a passenger placed his/her legs directly in front of a
diffuser, he/she might feel cold.

T (oC)

(a)

(b)
T (oC)

(c)

(d)

Figure 6-8. Measured air temperature distributions in (a) CS4 and (b) the leg area, and simulated
air temperature distributions in (c) CS4 and (d) the section across the leg area.
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The temperature distribution predicted by CFD is shown in Figure 6-8(c) and (d). For CS4, the
CFD simulation was able to predict the temperature stratification reasonably well in comparison
with the experimental results. As shown in Figure 6-8(d), the predicted temperature was lower
than the measured temperature in the area close to the diffusers. The thermocouples sampled the
temperature at an interval of 10 cm, and they may have missed the lowest temperature in that
area during the experiment.
6.2.3.3 Contaminant Concentration Distribution
Figure 6-9 shows the measured contaminant concentration distribution in CS4 when the source
was at 4D. The results indicate that the contaminant stayed mainly in the upper left region of the
cabin after being exhaled by the passenger. It would also be dispersed to the passengers seated in
4E and 4F. In this experiment, the only exhaust was located in the center of the ceiling. If
exhausts were also present on the upper side walls, they might help in reducing the contaminant
concentration for the passengers in seats 4E and 4F.

(a)

(b)

Figure 6-9. SF6 concentration distribution in CS4 normalized by the concentration in the exhaust
air when the SF6 source is at 4D: (a) experimental measurement and (b) CFD simulation.
Discrepancies existed between the measured and simulated SF6 concentrations. The CFD results
predicted that the SF6 would travel downward toward the aisle, but this movement was not
observed in the experiment. The travel pattern of the SF6 was sensitive to the air distribution
around the source location. According to Figure 6-7(a), the experiment depicted flow movement
toward the left at the source location (4D), whereas CFD predicted a downward flow.
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Many previous studies have demonstrated that it is difficult to precisely predict the airflow,
temperature, and contaminant concentration distribution in real or full-scale-mockup aircraft
cabins (You et al., 2017; Zhang et al., 2009; Liu et al., 2013; Yan et al., 2017). Specifically, it is
very challenging to precisely measure the boundary conditions due to the complex geometry and
limited space in the cabin. However, the CFD simulations were able to capture the general trend
of the air, temperature, and contaminant concentration distribution. The capability of predicting
the general trends of the distribution would be very useful in the stage of the preliminary design.

6.3

System Optimization

According to the experimental data, the contaminant concentration distribution in the cabin was
not ultimately satisfactory. For instance, the contaminant concentration was still quite high in the
breathing zone of the passengers in seats 4E and 4F. Improvements to the system parameters,
such as adding more exhaust slots, could facilitate faster escape of the contaminant. Therefore,
we used the validated CFD program to further design the environment inside a fully occupied
one-row section of the economy cabin of a widely-used airplane, the Boeing 737. The goal here
was to reduce contaminant transport and maintain cabin thermal comfort.

6.3.1 Design Objectives
Dimensionless exposure, an index widely used in assessing personal exposure (Olmedo et al.,
2011; Liu et al., 2017; Bjørn and Nielson, 2002) is defined as:



Cbreathingzone
C*

(6.3)

where Cbreathingzone is the contaminant concentration in a passenger’s breathing zone, and C* the
contaminant concentration in the return air. C* can be calculated by:

C* =

S
Q

where S is the contaminant emission rate, and Q the air supply rate of the ventilation system.

(6.4)
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The new ventilation system aims to facilitate faster escape of the contaminant through the
exhaust. The efficiency of contaminant removal was determined as:

n

removal 

C
i 1

i,exh

Qi,exh

S

(6.5)

where ηremoval is the contaminant removal efficiency, Ci,exh (kg/m3) the contaminant concentration
at the exhaust face i, Qi,exh (m3/s) the airflow rate discharged by the exhaust face i, and S (kg/m3)
the contaminant emission rate. The contaminant removal efficiency indicates the percentage of
exhaled contaminant that is prevented from traveling to the front or back rows. The higher the
efficiency, the lower the contaminant concentration level will be in the front and back rows.
Therefore, this investigation aimed to minimize the dimensionless exposure for passengers, and
maximize the contaminant removal efficiency. Note that this parameter might not be able to fully
characterize the longitudinal contaminant transport. More efforts will be made to systematically
investigate the contaminant transport between rows in an aircraft cabin with the proposed
ventilation system.

The proposed system must also satisfy the thermal comfort requirements for cabin environments.
A modified predicted mean vote for air cabins (PMVc) was used by Cui and Zhu (2015) to
evaluate the thermal comfort level. This study considered both summer and winter conditions,
with the clothing levels for summer and winter assumed to be 0.57 clo and 1.01 clo (ASHARE,
2005), respectively. The diffusers were so close to passengers that they may have created a draft.
Therefore, this study used the “percent dissatisfied” (PD) developed by Fanger et al. (1988) to
predict the risk of draft. ASHRAE (2007) recommends a PMV level of -0.5 to 0.5, and a PD
within 15%. This study used the ASHRAE standards for PMV and PD as the design criteria for
thermal comfort. The design domain was the occupied zone (Xue et al., 2013) shown in Figure
6-10.
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Figure 6-10. Schematic of the design domain for the airliner cabin with the proposed ventilation
system.

6.3.2 Impact of Exhaust Configuration
Various parameters can influence the contaminant removal efficiency and cabin thermal comfort.
This study evaluated a number of cases with different parameters in order to identify the best
design. Figure 6-11 is a schematic of a one-row section of the fully occupied economy-class
cabin of a Boeing 737 airplane with (a) mixing ventilation system, (b) displacement ventilation
system, and (c), (d) and (e) the proposed system. The first two systems were chosen for the
purpose of comparison, for evaluation of the proposed system’s ability to reduce contaminant
transport. The mixing ventilation system had two linear air-supply diffusers in the center of the
ceiling and one on the upper side of each wall. The exhausts were in the side walls near the floor.
The displacement ventilation system supplied air through two linear diffusers on the side walls
near the floor and extracted air through the ceiling center. The proposed system had three
possible exhaust configurations. Figure 6-11(c) shows two exhaust slots located in the center of
the ceiling, Figure 6-11(d) has two additional exhaust slots on the upper side walls, and Figure 611(e) another two slots under the storage bins. The width of the exhaust was 2mm. For all the
systems, the total air supply rate was 0.047 m3/s for this one-row section. The supply-air
temperature was 19.3 oC. The surface temperatures of the walls and the passengers were set at
24.5 and 31 oC, respectively. The source locations were assumed to be at the mouths of
passengers seated in the window, middle, and aisle seats on the left size of the cabin, as indicated
by red dots in Figure 6-11.
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(a)

(b)

(c)

(d)

(e)
Figure 6-11. Schematic of the one-row section of a fully occupied economy cabin with (a)
mixing ventilation, (b) displacement ventilation, (c) proposed ventilation with two exhaust slots
in the ceiling center, (d) proposed ventilation with four exhaust slots, and (e) proposed
ventilation with six exhaust slots.
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Figure 6-12 summarizes the distribution of dimensionless exposure he one-row section of a fully
occupied economy cabin with different ventilation systems. The mixing ventilation system was
less efficient in controlling the contaminant transport compared with other ventilation system,
since the contaminant was more likely to transport to the other half of the cabin. For aisle and
window seat sources, the proposed system provided dimensionless exposure less than 0.25.
However, the exposure for passenger in seat E for window seat source was 1.52 with
displacement ventilation, and that in seat E was for aisle seat source was 0.38. For middle seat
source, the exposure in seat D was higher than 0.4 for all ventilation systems.
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Figure 6-12. Distribution of dimensionless exposure of the one-row section of a fully occupied
economy cabin with (a) mixing ventilation, (b) displacement ventilation, (c) proposed ventilation
with two exhaust slots in the ceiling center, (d) proposed ventilation with four exhaust slots, and
(e) proposed ventilation with six exhaust slots.
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To quantitatively assess the proposed ventilation system, Table 6-2 compares the average
computed dimensionless exposure among the recipients in the three seats. For each source
location, an average result across the row was reported. The proposed system provided lower
dimensionless exposure than the other two systems for the window seat and aisle seat source
locations. For the middle seat source, however, the proposed system provided lower exposure
than the mixing ventilation system, but higher exposure than the displacement ventilation system.
In addition, the exposure decreased from 0.323 to 0.182 with the increase in the number of
exhaust slots in the proposed system. This is because adding slots reduced air stagnation and
facilitated the escape of the contaminant directly through the exhaust. The proposed system
configurations with two, four, and six exhaust slots provided comparable average dimensionless
exposure values: 0.128, 0.113, and 0.098, respectively. The four-exhaust system decreased the
average exposure in the cabin by 57% and 53%, respectively, compared with the mixing and
displacement ventilation systems.

Table 6-2. Comparison of the average dimensionless exposure among the recipients for the
proposed system, mixing system, and displacement system.
Exhaust
Proposed
system

Mixing
ventilation
Displacement
ventilation

number

Source location
Window Middle
seat
seat

Aisle
seat

Average Maximum

2

0.059

0.323

0.003

0.128

0.323

4

0.004

0.280

0.055

0.113

0.280

6

0.089

0.182

0.022

0.098

0.182

0.165

0.396

0.235

0.265

0.396

0.353

0.250

0.124

0.242

0.353

Table 6-3 summarizes the computed contaminant removal efficiency for the various systems. For
window and middle source locations, the proposed system with four and six exhaust slots
provided higher contaminant removal efficiency than the mixing and displacement ventilation
systems. The proposed system with two exhausts also provided higher removal efficiency than
the other two systems for the middle seat location. For the aisle seat source, however, the
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proposed system with all exhaust configurations provided higher efficiency than the mixing
ventilation system but lower results with the displacement ventilation system. In addition, for the
window seat source, the proposed system with two exhaust slots had the described performance.
This is because the sources were in the stagnation zone. The proposed system with four exhaust
slots had slightly better removal efficiency than that of the system with six-exhausts, while the
four-exhaust system had slightly higher dimensionless exposure than the six-exhaust system.
Note that the configuration of the four-exhaust system is simpler. Therefore, it is overall the best
choice. The four-exhaust system increased the contaminant removal in the cabin by 2.6 times and
0.4 times, respectively, compared with the mixing and displacement ventilation systems.

Table 6-3. Comparison of contaminant removal efficiency for the proposed system, mixing
system, and displacement system.
Exhaust
Proposed
system

Mixing
ventilation
Displacement
ventilation

number

Source location
Window Middle
seat
seat

Aisle
seat

Average Minimum

2

29.2%

30.5%

34.5%

31.4%

29.2%

4

78.2%

50.4%

18.6%

49.1%

18.6%

6

67.6%

53.0%

21.2%

47.3%

21.2%

14.5%

15.7%

10.8%

13.7%

10.8%

39.1%

21.7%

43.5%

34.8%

21.7%

Figure 6-13(a) depicts the PMVc distribution in the cabin, generated by the proposed system
with four exhaust slots in summer. The proposed system turned out to have similar PMVc values
under summer and winter conditions with different numbers of exhaust slots. Therefore, the
results for the proposed system with two slots and six slots are not presented here. The average
PMVc values in the cabin under summer and winter conditions were 0.31 and 0.11, respectively.
ASHRAE (2007) recommends a PMV range of -0.5 to 0.5, and the PMVc clearly satisfied the
ASHRAE standard in this cabin. To further assess the proposed system, Figure 6-13(c) and (e)
show the PMVc distribution under the summer conditions with the mixing and displacement
ventilation systems. The average PMVc value under the summer conditions with the proposed
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system (-0.31) was lower than that with the mixing ventilation system (-0.26), and higher than
that with the displacement ventilation system (-0.41). The trend also held for the winter
conditions. Thus, the proposed system has the potential to reduce energy consumption by the
HVAC system when compared with the mixing ventilation system, but not in comparison with
the displacement ventilation system.

(a)

(b)

(c)

(d)

(e)
(f)
Figure 6-13. Distributions of (a) PMVc under summer conditions and (b) PD in the cabin with
the proposed system with four exhausts; (c) PMVc under summer conditions and (d) PD in the
cabin with the mixing ventilation system; and (e) PMVc under summer conditions and (f) PD in
the cabin with the displacement ventilation system.
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Figure 6-13(b) depicts the PD distribution in the cabin with the proposed system with four
exhaust slots. ASHRAE (2007) recommends that the PD level be within 15%, and the PD level
clearly satisfied the ASHRAE standard in this section of the cabin. Although the system created
a draft risk in the area near the diffuser outlets, it was only a small region within the occupied
zone (1.88%). Meanwhile, Figure 6-13(d) and (f) show the PD distributions for the mixing and
displacement ventilation systems. The “dissatisfied” zone of the design domain with the mixing
and displacement ventilation systems were 9.97% and 6.64%, respectively, which were larger
than that with the proposed system. This is because the two systems would generate a large
vortex on each side of the cabin, resulting in a high PD level in the aisle and near the floor in the
occupied zone. Thus, the proposed system was able to reduce the draft risk in the occupied zone
in comparison with the other two systems.

6.4

Conclusions

This investigation proposed a new ventilation system to reduce contaminant transport and
maintain thermal comfort in airliner cabins. The following are the major conclusions drawn from
the study:

(1) The proposed ventilation system was manufactured and then installed in a fully occupied
seven-row, single-aisle airliner cabin mockup. The air velocity, air temperature, and contaminant
distributions in the mockup were measured. Although the system was not optimized, iIt
demonstrated good contaminant removal potential and acceptable thermal comfort. Despite the
fact that the diffusers in the proposed system were close to the passengers’ legs, the air velocity
magnitude was small in the leg area and therefore would not create a draft. However, if a
passenger placed his/her legs directly in front of the diffuser, he/she might feel cold.

(2) This study also conducted CFD simulation of the air distributions in the mockup, and the
experimental data was used to validate the CFD results. The accuracy of the CFD simulation was
acceptable for designing the cabin airflow.

(3) The study found the exhaust location to be a crucial design parameter for contaminant
removal in airliner cabins with the proposed system. The validated CFD program was used to
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evaluate the location and number of exhausts in a one-row section of a fully occupied Boeing
737 cabin. The system configuration with four exhausts seemed to be the best choice, as it
decreased the average exposure in the cabin by 57% and 53%, respectively, when compared with
the mixing and displacement ventilation systems. The four-exhaust system also increased
contaminant removal in the cabin by 2.6 times and 0.4 times, respectively, when compared with
mixing and displacement ventilation systems. The PMVc with the proposed system was lower
than that with the mixing ventilation system, but higher than that with the displacement
ventilation system.
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CHAPTER 7.

EVALUATING THE NEW VENTILATION SYSTEM
FOR COMMERICIAL AIRLINER CABINS

An innovative personalized displacement ventilation system which supplies air from individual
displacement ventilation diffusers under the seat could possibly reduce the contaminant transport
while maintaining thermal comfort in aircraft cabins. To evaluate the performance of the new
ventilation system, this study first used Wells-Riley integrated CFD to obtain the SARS quanta
based on a SARS outbreak on a flight. This investigation then compared the new ventilation
system with mixing ventilation system and displacement ventilation system in a seven-row
section of the fully occupied, economy-class cabin of Boeing 737 and Boeing 767 airplanes.

7.1

Methods

7.1.1 Airflow and Turbulence model
To numerically obtain the air and contaminant distribution in aircraft cabins, it is important to
choose an accurate turbulence model. Among all Reynolds-averaged Navier-Stokes (RANS)
models, the RNG k-ε model is the most robust in simulating the airflow in bulk regions with
enclosed environments (You et al., 2016a; Chen 1995; Zhang et al., 2007; Wang and Chen,
2009), and the SST k-ω model is superior in the near wall regions (You et al., 2017). To take
advantage of both models, You et al. (2017) proposed a hybrid model that activates the standard
k-ω model in the near wall region and a transformed RNG k-ε model in the bulk air region. The
hybrid model uses a blending function to gradually switch between the two models. This hybrid
turbulence model was validated by the experimental data in a fully-occupied, seven-row cabin
mockup installed with the innovative ventilation system by You et al. (2018). Therefore, the
turbulence model was used in this investigation to assess the performance of this innovative
ventilation system.

This study employed the SIMPLE algorithm for coupling pressure and velocity, the PRESTO!
scheme for discretizing pressure, and the second-order upwind scheme for all the other variables.
The turbulence intensity at the diffusers was assumed to be 10%, and the turbulence length scale
was set as the width of the opening.
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7.1.2 Contaminant Transport and Risk Assessment
To simulate the contaminant transport in aircraft cabins, this study uses the Eulerian method
(Zhang and Chen, 2007):

 
 


Ui    
t xi
x j  x j


  S


(7.1)

where ϕ is the contaminant concentration, Γϕ the diffusion coefficient, and Sϕ the mass flow rate
of source per unit volume. A detailed description of all terms can be found in ANSYS (2010).
Based on the Wells-Riley equation and the calculated contaminant concentration in each
passenger’s breathing zone, passenger’s infection risk was estimated as:
Pi  1  exp(Cq,i pt )

(7.2)

where Pi is the infection risk of a passenger, Cq,i the contaminant concentration of the passenger’s
breathing zone, p the passenger’s breathing flow rate, and t the flight duration. Note that the
source is set to the quanta of the disease in CFD calculation.

To determine the SARS quanta value, this study used CFD to simulate a SARS transmission case
(Olsen et al., 2003) on a three-hour flight from Hong Kong to Beijing in March 15, 2003. As
shown in Figure 7-1, the index passenger was on seat 14E in the economy cabin of a Boeing 737
airplane. This investigation focused on the SARS transmission due to airborne transport, thus
employed a seven-row section of the fully-occupied, economy cabin including row 11 to row 17
in CFD calculation. The total number of infected passengers in the seven-row section was 11.
The detailed information on this case could be found in Olsen et al. (2003).
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Figure 7-1. Schematic of the seven-row section of a fully-occupied, economy cabin of Boeing
737 with mixing ventilation system.
The flight was equipped with mixing ventilation system, as shown in Figure 7-1. The system had
two linear air-supply diffusers in ceiling center, and one on the upper side of each wall. The
exhausts were located in the lower part of the two side walls. The ventilation rate was set to be
0.33 m3/s for this seven-row section. The supply air temperature was set at 19.3 oC. The surface
temperature of cabin side walls, passengers, ceiling, and floor was set as 24.5, 31, 25, and 23.8
o

C, respectively. By the CFD-integrated Wells-Riley equation, the SARS quanta number was

back calculated to be 100.8/h. This value was further applied in the following calculations.
7.1.3 Risk of Draft
To evaluate the thermal comfort in enclosed environments, predicted mean vote (PMV) is
prevalently employed as an index for the thermal comfort level. According to the experimental
results by You et al. (2018), the temperature difference among different seat locations was not
significant. Thus the PMV requirement for each passenger could be met by adjusting the supply
air temperature. In addition, the diffusers in the innovative ventilation system are close to
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passengers’ feet so they may lead to draft. Therefore, this study focused on the risk of draft to
assess the performance of the innovative ventilation system on maintaining cabin thermal
comfort.

To predict the risk of draft, this study used predicted percentage of dissatisfied caused by draft
(PD) developed by Fanger et al. (1988):
PD  3.143(34  ta )(v  0.05)0.6223  0.3696vTu(34  ta )(v  0.05)0.6223

(7.3)

where ta is the air temperature (oC), v̅ the mean air velocity (m/s), and Tu the turbulence intensity.
This study employed the ASHRAE standard (2007) (PD within 15%) as the criteria to evaluate
the cabin thermal comfort.

7.2

Case Setup

The investigation aimed to evaluate the performance of the innovative ventilation system in
controlling the contaminant transport and maintaining thermal comfort in commercial airliners.
Numerical simulation was used to obtain the air distribution, contaminant transport, infection
risk by SARS, and distribution of PD in the economy-class cabins of the two most widely-used
airplanes, Boeing 737 and Boeing 767. Two existing ventilation systems, mixing and
displacement ventilation systems, were also evaluated for the purpose of comparison.

The schematic and information on the Boeing 737 cabin with mixing ventilation system could be
found in section 7.1.2. Figure 7-2 shows the schematic of a seven-row section of the fullyoccupied economy cabin of Boeing 737 with (a) the innovative ventilation system, and (b)
displacement ventilation system. The innovative ventilation system had individual diffusers
uniformly distributed on the floor for each passenger. Two exhausts were located in the center of
the ceiling to keep the geometry simple. The displacement ventilation system supplied air from
two linear diffusers on the lower side walls and returned air from the ceiling center. For the
innovative ventilation system and displacement ventilation system, the ventilation rate and
supply air temperature was set the same as the mixing ventilation system. The surface
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temperature of cabin side walls, passengers, ceiling, and floor was set as 24.5, 31, 23.8, and 25
o

C, respectively. According to symmetry, this investigation assumed three source locations at the

mouths of passengers seated at 4D, 4E, and 4F for all the systems. Flight duration was set to be 2
hours.

(a)
Figure 7-2. Schematic of the seven-row section of a fully-occupied, economy cabin of Boeing
737 with (a) innovative ventilation system, and (b) displacement ventilation system.

107
Figure 7-2. Continued.

(b)
Figure 7-3 shows the schematic of a seven-row section of the fully-occupied economy cabin of
Boeing 767 with (a) mixing ventilation, (b) the innovative ventilation, and (d) displacement
ventilation system. The mixing ventilation system supplied air from two linear diffusers in the
center of the ceiling. Air was extracted from the exhaust slots on the side walls near the floor.
The innovative and displacement ventilation systems both utilized the two slots in the ceiling
center as exhaust. The innovative system had individual diffusers under the seat in front of each
passenger. The displacement ventilation system installed two linear diffusers on the lower side
walls. The ventilation rate was set to be 0.45 m3/s for this seven-row section with all the systems.
The supply air temperature was set at 19.3 oC, and the surface temperature of cabin side walls
and passengers was set as 24.5, and 31 oC, respectively. For the innovative ventilation system
and displacement ventilation system, the surface temperature of ceiling, and floor was set as 25,
and 23.8 oC, respectively. The mixing ventilation system set the surface temperature of ceiling
and floor the other way around, considering the cold air was supplied from the ceiling.
According to symmetry, this investigation assumed three source locations at the mouths of
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passengers seated at 4D, 4E, 4F, and 4G for mixing and displacement ventilation systems. The
innovative ventilation system was not symmetric, thus all seat locations in row 4 were
considered. Flight duration was set to be 5 hours.

(a)

(b)
Figure 7-3. Schematic of the fully-occupied, 7-row, economy cabin of Boeing 767 with (a)
mixing ventilation , (b) the innovative ventilation, and (c) displacement ventilation system.
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Figure 7-3. Continued.

(c)

7.3

Results and Discussion

7.3.1 SARS Infection Risk
To evaluate the performance of the innovative ventilation system in controlling cabin
contaminant transport, figure 7-4 compares the SARS infection risk distribution in the seven-row
section of Boeing 737 with different ventilation systems when the source is at (a) aisle seat, (b)
middle seat, and (c) window seat. The systems from left to right in Figure 4 is mixing ventilation
system, the innovative ventilation system, and displacement ventilation system. The blank spots
between column C and column D represent the aisle, and the blank spot in row 4 is the source
location.
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(a)

(b)

(c)
Figure 7-4. Distribution of SARS infection risk in the seven-row section of Boeing 737 with
different ventilation systems for (a) aisle seat source, (b) middle seat source, and (c) window seat
source.
For all source locations, the passengers’ infection risk with the mixing ventilation system was
overall the highest. This is because the mixing ventilation system was designed to create a
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uniformly distributed contaminant profile, thus resulted in lower efficiency in controlling
contaminant transport. Moreover, for cabin with mixing ventilation system, the infection risk in
the right side of the cabin could be as high as 0.5, whereas that with the other two system was
both below 0.3. This is because for the mixing ventilation system, contaminant first traveled
upward with passengers’ thermal plume, then followed the cabin flow to the aisle. Contaminant
was thus easy to travel to the other side of the cabin because of the vortex structure in each side
of the cabin. The exhausts were both located in the ceiling for the other two ventilation systems,
contaminant was thus easier to be extracted than to travel to the other side of the cabin.
For source 4D and source 4E, the passengers’ infection risk with the new ventilation system was
higher than that of the displacement ventilation. This is because the cabin flow for the
displacement ventilation system had vortex structure in each side of the cabin, orienting
counterclockwise in the left cabin. However, the vortex structure of cabin flow with the
innovative ventilation system was less obvious. Thus contaminant was more restrained to travel
to the other side of the cabin for the displacement ventilation system, leading to lower infection
risk in the right side of and the whole cabin. When the source is 4F, the two ventilation systems
had similar infection risk. This is because the vortex structured caused air stagnation in the
window seat, resulting in higher infection risk in the left side of the cabin. The displacement
ventilation system has higher risk on the left-side seats in row 5. This is because the longitudinal
flow carried the contaminant to the row behind the source, and the new ventilation system
supplied more fresh air to the passengers in row 5 than the displacement system.

Figure 7-5 compares the SARS infection risk distribution in the seven-row section of Boeing 767
with different ventilation systems when the source is at (a) 4D, (b) 4E, (c) 4F, and (d) 4G. This
figure is analogous to Figure 7-4. The systems from left to right in Figure 7-5 is mixing
ventilation system, the innovative ventilation system, and displacement ventilation system. The
blank strips between columns B, C, and columns E, F represent the two aisles, and the blank spot
in row 4 is the source location.
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(a)

(b)

(c)
Figure 7-5. Distribution of SARS infection risk in the seven-row section of Boeing 767 with
different ventilation systems for (a) source 4D, (b) source 4E, (c) source 4F, and (d) source 4G.
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Figure 7-5. Continued.

(d)
Similar to Boeing 737, mixing ventilation system in Boeing 767 had the overall highest infection
risk, and the contaminant was more likely to travel to the other side of the cabin. For instance,
for mixing ventilation system with source 4G, the highest infection risk for passengers in the
right side of the cabin was 0.4, whereas that with the other two systems was both below 0.1.
For source 4D, the passengers’ infection risk with displacement ventilation system was higher
than that of the innovative ventilation system. This is because the cabin flow for the
displacement ventilation system had clear vortex structures, while the vortex structure was less
obvious in cabin with the innovative ventilation system. Therefore, the contaminant was easier to
travel to both sides of the cabin after it moved upward with passengers’ thermal plume for the
displacement ventilation system. For other source locations, note that only the results for the left
cabin locations were shown for the innovative ventilation system as examples. The overall
infection risk with the innovative ventilation system was higher than that with displacement
ventilation system. This is because the cabin air structure for displacement ventilation system
might cause air stagnation in each side of the cabin. Even though the stagnation could lead to
high infection risk for the window seat, it could also help decrease the infection risk for the other
side of the cabin.

Figures 7-4 and 7-5 show that mixing ventilation system had overall the highest SARS infection
risk, while the comparison between the innovative ventilation systems and displacement
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ventilation system was related to source locations. To qualitative and quantitatively assess the
performance of the innovative ventilation system, this investigation calculated the mean SARS
infection risk of passengers for all considered source locations in the seven-row section with
different ventilation system of Boeing 737. As shown in Figure 7-6, compared with the mixing
ventilation system (0.21), it is obvious that the innovative ventilation system (0.14) could reduce
the overall infection risk by 33% during the two-hour flight. This means the number of infected
passenger could be reduced by 3.1. However, compared with the displacement ventilation system
(0.09), the innovative system would increase the number of passengers infected with SARS by
1.8. Therefore, the displacement ventilation system had the best performance, followed by the
new ventilation system, and both could provide lower infection risk compared with the mixing
ventilation system. However, the displacement ventilation system could be very challenging to
implement with the current airplane structure, system configuration, and maintenance.

Figure 7-6. Comparison of the SARS infection risk in the seven-row section of Boeing 737 with
different ventilation systems.
Figure 7-7 shows the results for Boeing 767 analogous to Figure 7-6. The overall SARS infection
risk for mixing ventilation, the innovative ventilation, and displacement ventilation system was
0.37, 0.16, and 0.12, respectively. This means the innovative ventilation system could reduce the
number of infected passengers by 10.1 compared with mixing ventilation system (17.6) in the
five-hour flight. This number could further be reduced by 1.9 with displacement ventilation
system. Therefore, for the Boeing 737 and Boeing 767, displacement ventilation system and the
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innovative ventilation system could both better controls contaminant transport compared with the
mixing ventilation system. Displacement ventilation system had even better performance than
the innovative ventilation system.

Figure 7-7. Comparison of the SARS infection risk in the seven-row section of Boeing 767 with
different ventilation systems for a 5-hr flight.

7.3.2 Risk of Draft
To assess the performance of the innovative ventilation system on maintaining cabin thermal
comfort, this investigation calculated PD as prediction for risk of draft. Figure 7-8 compares the
distribution of PD in the seven-row section of Boeing 737 with (a) mixing ventilation system, (b)
the innovative ventilation system, and (c) displacement ventilation system. Note that the results
were displayed in the area 0.1 m away from the passengers as shown in Figure 7-8, outside the
thermal boundary layer (Liu et al., 2015). The results for passengers in row 4 were shown as an
example.
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(a)

(b)

(c)
Figure 7-8. Distributions of PD around passengers in row 4 in the seven-row section of Boeing
737 with (a) mixing ventilation system, (b) the innovative ventilation systems, and (c)
displacement ventilation system.
For mixing ventilation system, the highest PD value among the passengers was 32%, at
passengers’ feet in the window seat. This is because the passengers’ feet were close to cabin
exhausts, and the air velocity near the exhausts was large. The highest PD value for the middle
seat was at passengers’ feet (19%), and that for the middle seat was at shoulder (23%). This is
because the mixing ventilation system would generate a large vortex on each side of the cabin,
resulting in a high PD value in the aisle and near the floor. In addition, the area that dissatisfied
the ASHARE standards was 23% for passengers in the middle seat.
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For the innovative ventilation system, the highest PD value among the passengers was 31%, at
passengers’ leg in the middle seat and aisle seat. The highest PD value for the window seat was
24% across the lag and arm area, and the PD distribution for each passenger was similar. This is
because the individual diffusers near passengers’ feet supplied air obliquely backward, resulting
in high air velocity near each passenger’s leg. In addition, the cabin air was comparably
uniformly distributed among passengers. Even though the highest PD was comparable with that
for mixing ventilation system, the dissatisfied area was obviously smaller. Therefore, the
innovative ventilation system could provide better thermal comfort than mixing ventilation
system.

For displacement ventilation system, the highest PD value for all seat locations was all at
passengers’ feet. This is because the large vortex on each side of the cabin led high PD value
near the floor. In addition, the highest PD value for the middle seat, aisle seat, and window seat
was 27%, 25%, and 43%, respectively. The largest PD value among passengers was higher than
that with the other two systems. This is because in the window seat, passengers’ feet were close
to diffusers. Moreover, the dissatisfied area was comparable to that with the innovative
ventilation system, smaller than that with mixing ventilation system. Therefore, displacement
ventilation system could provide better thermal comfort than mixing ventilation system, but the
innovative ventilation system performed the best.

Figure 7-9 shows the results for Boeing 767. Similarly, the highest PD value among passengers
in the cabin with mixing ventilation system, the innovative ventilation system, and displacement
ventilation system was 29%, 28%, and 39%, respectively. In addition, the highest dissatisfied
area among passengers in the cabin with mixing ventilation system (44%) was significantly
larger than the other two systems. Therefore, for the Boeing 737 and Boeing 767, the innovative
ventilation system could provide the best cabin thermal comfort, and displacement ventilation
system had better performance than mixing ventilation system.
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(a)

(b)
Figure 7-9. Distributions of PD around passengers in row 4 in the seven-row section of Boeing
767 with (a) mixing ventilation system, (b) the innovative ventilation systems, and (c)
displacement ventilation system.
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Figure 7-9. Continued.

(c)

7.4

Conclusions

This investigation aimed to assess the performance of the innovation personalized displacement
ventilation system in controlling contaminant transport and maintaining cabin thermal comfort.
This study first used Wells-Riley integrated into CFD to obtain the SARS quanta based on the
SARS outbreak on a flight from Hong Kong to Beijing during the 2003 SARS epidemic. The
investigation then assessed the performance of the new ventilation system in a seven-row section
of the fully occupied, economy-class cabin of Boeing 737 airplane. Within the scope of this
study, the following conclusions could be made:

(1) The predicted SARS quanta generation rate of the index patient was obtained using Wells–
Riley equation and could be used in future studies.
(2) For all source locations, the passengers’ infection risk with mixing ventilation system was the
highest in both the Boeing 737 and Boeing 767. The risk comparison between the innovative
ventilation system and displacement ventilation system was more associated to the source
locations.
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(3) Statistically speaking, displacement ventilation system could better control the contaminant
transport in cabin compared with the innovative ventilation system. However, the displacement
ventilation system could be very challenging to implement with the current airplane structure,
system configuration, and maintenance.

(4) The innovative ventilation system performed the best in maintaining cabin thermal comfort.
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CHAPTER 8.

CONCLUSIONS AND FUTURE WORK

This chapter summarizes the work and conclusions of this thesis, and discusses the potential
future work.

8.1

Conclusions

This study first conducted experimental measurements of airflow distribution in a mockup of
half of a full-scale, one-row, single-aisle, simplified aircraft cabin with a gasper on. Particle
image velocimetry (PIV) was used to measure the complex airflow field above a human
simulator. This investigation then used the measured data to evaluate the performance of
computational fluid dynamics (CFD) with the RNG k-ε model and the SST k-ω model. The
results show that:

(1) The PIV technique can obtain high-resolution experimental data on airflow distribution of the
critical area in an aircraft cabin mockup.
(2) The SST k-ω model is more accurate than the RNG k-ε model for predicting the airflow
distribution in gasper-induced flow dominant region in an aircraft cabin.

(3) In regions where gasper-induced airflow has limited impact on the airflow pattern, the RNG
k-ε model provides slightly better airflow predictions than does the SST k-ω model.

If the detailed gasper geometry were used in the CFD simulations, the grid number would be
unacceptably high. To reduce the grid number, this investigation then proposed a method for
simplifying the gasper geometry. The method was then validated by two sets of experimental
data obtained from a cabin mockup and a real aircraft cabin. It was found that:

(1) The proposed method for simplifying the gasper geometry as a round nozzle could ensure
that the jet from the nozzle and the jet from the complex gasper geometry have the same
downstream velocity field.
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(2) Compared with the detailed gasper geometry in the CFD simulation for the cabin mockup,
the simplified gasper model reduced the grid number from 1.58 million to 0.3 million and the
computing time from 2 days to 1 hour without compromising accuracy.

(3) The CFD simulation with the simplified gasper model was acceptable in predicting the
distributions of air velocity, air temperature, and contaminant concentration in a five-row section
of the economy-class cabin of the MD82 airplane.

It is not clear whether turning on the gaspers in the cabins of commercial airliners actually
improves the air quality. To answer this question, this study first developed a hybrid turbulence
model which was suitable for predicting the air distribution in an aircraft cabin with gaspers
turned on. Next, the investigation validated the model using two sets of experimental data from a
cabin mockup and an actual airplane. This study then used the validated model to systematically
investigate the impact of gaspers on cabin air quality in a seven-row section of the fully-occupied,
economy-class cabin of Boeing 767 and 737 airplanes. The CFD calculations formed a database
consisting of 9660 data points that provide information about SARS infection risk. It was
concluded that:

(1) The hybrid turbulence model that was developed is not only robust in the bulk air regions but
also accurate in the near wall regions; furthermore, it can predict the air distribution in aircraft
cabins reasonably well.

(2) The gasper on/off distribution can significantly influence the SARS infection risk for
passengers in both the Boeing 767 and Boeing 737.
(3) Statistically speaking, the overall effect of turning on a passenger’s gasper on the mean
infection risk for the passenger is neutral.

(4) Even though a gasper supplies clean air that is aimed at the passenger, it may potentially have
a negative impact on the passenger’s health.
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To improve the cabin environment, this investigation proposed an innovative ventilation system
that would reduce contaminant transport and maintain thermal comfort. We manufactured and
installed the proposed ventilation system in an occupied seven-row, single-aisle aircraft cabin
mockup. Air velocity, air temperature, and contaminant distribution in the cabin mockup were
obtained by experimental measurements. The investigation used the experimental data to validate
the results of CFD simulation. The validated CFD program was then used to study the impact of
the locations and number of exhausts on contaminant removal and thermal comfort in a one-row
section of a fully occupied Boeing-737 cabin. The following are the major conclusions:

(1) The proposed ventilation system was manufactured and then installed in a fully occupied
seven-row, single-aisle airliner cabin mockup. The air velocity, air temperature, and contaminant
distributions in the mockup were measured. Although the system was not optimized, iIt
demonstrated good contaminant removal potential and acceptable thermal comfort. Despite the
fact that the diffusers in the proposed system were close to the passengers’ legs, the air velocity
magnitude was low in the leg area and therefore would not create a draft. However, if a
passenger placed his/her legs directly in front of the diffuser, he/she might feel cold.

(2) This study also conducted CFD simulation of the air distributions in the mockup, and the
experimental data was used to validate the CFD results. The accuracy of the CFD simulation was
acceptable for designing the cabin airflow.

(3) The study found the exhaust location to be a crucial design parameter for contaminant
removal in airliner cabins with the proposed system. The validated CFD program was used to
evaluate the location and number of exhausts in a one-row section of a fully occupied Boeing
737 cabin. The system configuration with four exhausts seemed to be the best choice, as it
decreased the average exposure in the cabin by 57% and 53%, respectively, when compared with
the mixing and displacement ventilation systems. The four-exhaust system also increased
contaminant removal in the cabin by 2.6 times and 0.4 times, respectively, when compared with
mixing and displacement ventilation systems. The PMVc with the proposed system was lower
than that with the mixing ventilation system, but higher than that with the displacement
ventilation system.
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An innovative personalized displacement ventilation system which supplies air from individual
displacement ventilation diffusers under the seat could possibly reduce the contaminant transport
while maintaining thermal comfort in aircraft cabins. To evaluate the performance of the new
ventilation system, this study first used Wells-Riley integrated CFD to obtain the SARS quanta
based on a SARS outbreak on a flight. This investigation then compared the new ventilation
system with mixing ventilation system and displacement ventilation system in a seven-row
section of the fully occupied, economy-class cabin of Boeing 737 and Boeing 767 airplanes. It
was found that:

(1) The predicted SARS quanta generation rate of the index patient was obtained using Wells–
Riley equation and could be used in future studies.
(2) For all source locations, the passengers’ infection risk with mixing ventilation system was the
highest in both the Boeing 737 and Boeing 767. The comparison between the innovative
ventilation system and displacement ventilation system was related to source locations.

(3) Statistically speaking, displacement ventilation system could better control the contaminant
transport in cabin compared with the innovative ventilation system. However, the displacement
ventilation system could be very challenging to implement with the current airplane structure,
system configuration, and maintenance.

(4) The innovative ventilation system performed the best in maintaining cabin thermal comfort.

8.2

Future Work

I plan to continue the analysis of the impact of air distribution on cabin environment, especially
on the personal environment. I also plan to expand on my previous work by further improving
the method for obtaining high-quality experimental data on the main region, near-wall region,
and boundary conditions as a benchmark for built environment. With the experimental validation,
I plan to develop numerical models for indoor environments. The experimental method and
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numerical models could be used to design new air distribution system for first-class and
business-class cabins and other indoor environments.
8.2.1 Personal Environment in Aircraft Cabins

This study mainly focuses on overall analysis of the cabin environment. Therefore, I plan to first
obtain a database with the personal environment of passengers on each seat by numerical
method. Based on the database, I plan to analyze the seat-related personal environment in
commercial airliners, including thermal comfort and air quality. Possible outcome could be the
identified best seats for different commercial airliners. Passengers can be therefore more
confident in choosing their seats, other than worrying about health and comfort issues. I also plan
to further analyze the impact of gaspers on personal environment considering different
conditions, including different relative distance and height difference between the recipient
passenger and the index passenger, different gasper flow rates and directions. I plan to first
conduct quick and initial assessment of the gaspers’ impact in different scenarios, based on the
entrainment effect of gaspers. I also plan to extend my work on gaspers’ impact in cabins with
mixing ventilation system to cabins with the proposed innovative ventilation system.
8.2.2 High-quality Experimental Data for Built Environment

High-quality experimental data are crucial as a benchmark for calibrating numerical models.
Most numerical models are extremely sensitive to boundary conditions, which are usually
acquired by experimental measurements. Therefore, I will seek to improve the methodology for
obtaining detailed and accurate boundary conditions. To acquire air distributions in indoor
environments, most studies use ultrasonic anemometers (UAs) and two-dimensional PIV. A UA
system measures average velocity in three directions over a given distance instead of at a specific
position, and the sensor is very bulky. Therefore, I plan to use a three-dimensional PIV system to
obtain high-quality experimental data. I also plan to measure near-wall flow properties using
particle tracking velocimetry (PTV) techniques, since PTV can obtain flow properties within
boundary layers with higher accuracy than the PIV system.
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8.2.3 Development of Suitable Numerical Models with Experimental Validation

As discussed above, high-quality experimental data on boundary conditions, the main region,
and the near-wall region can serve as a benchmark. I plan to use this benchmark to calibrate the
existing numerical models and to develop new models with higher efficiency or accuracy. Most
studies have used only mean velocities to assess the turbulence models in CFD, because
turbulence properties are difficult to measure or simulate accurately. I plan to use the acquired
high-quality 3-D turbulence parameters to assess the existing turbulence models. Furthermore,
the most widely used turbulence models for indoor environments were developed on the basis of
fully developed turbulent flow, whereas the air flow in an indoor environment is mainly
transitional. Therefore, I plan to use the acquired benchmark data to develop suitable turbulence
models for indoor environments. Using these models, I will aim to predict accurate flow
properties, including turbulence parameters, in the main region and the near-wall region. The
developed models could potentially be used to quantify crucial indices related to the indoor
environment. For instance, the predicted turbulence parameters in the main region could be used
in the “percentage dissatisfied” (PD) model to evaluate the risk of draft. They could also be
utilized in various thermal comfort models to assess the effect of turbulence intensity and
fluctuation frequency on human thermal response. The predicted turbulence parameters in the
near-wall region could be employed in analytical models of particle deposition to predict the
quantity of particles or amount of ozone removed by surfaces.
8.2.4 Development of Air Distribution Systems in Cabins and Other Indoor
Environments

In collaboration with the Boeing Company, an innovative ventilation system has been
successfully developed for aircraft cabins. The new ventilation system reduces contaminant
transport in cabins while maintaining thermal comfort, with the potential to reduce energy
consumption by the environmental control system when compared with the traditional mixing
ventilation system. An application for an invention and utility model patent has been filed based
on the new ventilation system. It is believed to be a promising design that can be applied to both
narrow-body and wide-body commercial airliners. However, the new system has been specially
designed for the economy-class cabin environment. Considering the differences in occupancy
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density, cabin geometry, and air flow pattern, I plan to extend the system development to
business-class and first-class aircraft cabins. The methods described above to investigate,
analyze, and improve an indoor environment can also be used in the design and optimization of
other indoor environments, such as office buildings, hospitals, and buses and trains.
Collaboration with design and manufacturing companies could transform the research results
from virtual designs to actual products in engineering applications. The outcome of these
projects could be a better indoor environment for office workers, hospital patients, publictransport passengers, and many others.
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